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ABSTRACT 
 
A novel method was developed to measure mercury (Hg) directly in environmental solids 
using inductively coupled plasma mass spectrometry (ICP-MS) with online sample ashing.  The 
method combines a direct mercury analyzer (DMA) that is based on sample combustion, Hg pre-
concentration by amalgamation with gold, and atomic absorption spectrometry (AAS), with a 
high resolution ICP-MS.  Unlike AAS, the ICP-MS is capable of individual isotope 
measurements allowing for accurate quantitation by isotope dilution mass spectrometry (IDMS) 
and for isotope tracer experiments.  The method was validated using certified reference materials 
including sediment (NIST 2709), leaves (NIST 1547), and fish-muscle (DORM-3), with 
recoveries within 8% of Hg certified values.  The limit of detection was 0.37 pg, nearly two 
orders of magnitude lower than the DMA alone.  For external calibration, precision was <7% 
relative standard deviation (RSD).  For IDMS, precision was <4% RSD for both DORM-3 and 
NIST 2709, but higher for NIST 1547 (11% RSD).  The method has several advantages over 
conventional methods including eliminating the need for time-consuming and error-prone sample 
preparation using acids.   
The newly developed method, along with species-specific enriched stable isotope tracers, 
were used to investigate, for the first time, mercury transformations in an old growth cypress 
wetland (located at Sky Lake in the Mississippi Delta).  Wetland sediments are of particular 
interest because they are known “hot-spots” for mercury methylation in ecosystems.  
iii 
 
Methylmercury is a particularly toxic form of Hg that bioaccumulates in the aquatic food chain.  
Mercury methylation rates in the sediments ranged from 0.012 to 0.054 day
-1
, with methylation 
rates generally higher in the summer and spring.  Rates tended to be higher in the open water 
then in the swamp areas.  There were also higher levels of organic matter and higher 
temperatures in the open water areas, suggesting higher microbial activity may have been a 
factor in this difference.  Mercury methylation rates were also systematically studied after 
amending sediment with ~5% (wt/wt) of select sorbent materials.  Activated carbon and bio-char 
decreased Hg methylation rates by 83% and 89%, respectively.  Humic material increased rates 
by 455%, presumably by providing nutrients to the methylating microorganisms and increasing 
their activity.  Further work is needed to understand the associated mechanism(s) and to develop 
this potential method of remediation of highly contaminated sites.  
Finally, this dissertation includes results from a large-scale study of trace metals and trace 
organic contaminants in the Mississippi River and its major tributaries (Missouri, Illinois, Ohio, 
Tennessee, and Arkansas Rivers).  Trace metals and ancillary data were sufficiently different to 
distinguish the river waters using multivariate statistics. Thirteen trace organic contaminants, 
including several endocrine disrupting compounds, were detected at multiple sites in the river 
system, with particularly high levels downstream of wastewater treatment plants.   
 
 
 
iv 
 
ACKNOWLEDGEMENTS 
 
I would like to thank all my friends and family for helping me on this long journey.  The 
journey to get here was not easy but was filled with challenges and adventures.  First and 
foremost I need to thank God the almighty, the creator of heaven and earth.  Second I would like 
to thank my parents Ron and Michele Bussan, for the nurturing and caring they have given me 
throughout my entire life.  Third I would like to thank my fiancé, Kimberly Savaglio.  Kimberly 
has shown her support through my entire graduate career, which has tested our relationship on 
more than one occasion.  Lastly I would like to thank my sister Rachel Bussan and my nieces, 
Chelsea, Aubrey, and Jocelyn.   
I also need to give thanks to my graduate advisor, James V. Cizdziel, for all his help and 
guidance throughout my graduate career at the University of Mississippi.  Without Dr. Cizdziel I 
would not be in this position to even write my dissertation. I would also like to thank my 
committee members, Dr. Walter Cleland, Dr. Steven Davis, and Dr. Cliff Ochs, for taking the 
time to sit down with me to hear and critique my research. 
 I need to give special thanks to the people in the Cizdziel group.   Yi Jiang has been a 
good friend along this entire journey.  Lorlyn Reidy, Garry Brown, Ryan Bu, Divya Nallamothu, 
Jingjing Chen, Oscar “Beau” Black, Ryan Sessums, Ruiqi Feng, have helped me out through my 
graduate studies.  I am also grateful for the many people in the Chemistry and Biochemistry 
v 
 
Department, including Dr. Charles Hussey, Harriet Hearn, Michelle Martin, Jacob Eftink, Russel 
Findley, Danny Bailey, Dr. John Wiginton, Dr. Murrell Godfrey, Dr. Safo Aboaku, and Dr. Keri 
Scott.  They have been great friends and it has been a pleasure to work with them. 
Lastly I would like to thank my dog Hope.  She came into my life in March of 2012 as a 
six week old puppy.  Hope has been happy and nurturing to me throughout my stay in Oxford.    
 
 
vi 
 
TABLE OF CONTENTS 
ABSTRACT .................................................................................................................................... ii 
LIST OF FIGURES ........................................................................................................................ x 
LIST OF ABBREVIATIONS AND SYMBOLS ......................................................................... xii 
CHAPTER ONE ............................................................................................................................. 1 
INTRODUCTION AND BACKGROUND INFORMATION ...................................................... 1 
BACKGROUND ...................................................................................................................................... 2 
SOURCES AND PROPERTIES OF HG.................................................................................................. 4 
THE IMPORTANCE OF WETLANDS IN THE MERCURY CYCLE .................................................. 9 
MERCURY ISSUES IN THE STATE OF MISSISSIPPI ...................................................................... 12 
HEALTH EFFECTS OF HG .................................................................................................................. 14 
ISOTOPE DILUTION MASS SPECTROMETRY ................................................................................ 16 
INSTRUMENT THEORY AND FUNDAMENTALS .......................................................................... 18 
LIST OF REFERENCES ........................................................................................................................ 26 
CHAPTER TWO .......................................................................................................................... 29 
DIRECT MERCURY ANALYSIS IN ENVIRONMENTAL SOLIDS BY ICP-MS WITH ON-
LINE SAMPLE ASHING AND MERCURY PRE-CONCENTRATION USING A DIRECT 
MERCURY ANALYZER ............................................................................................................ 29 
ABSTRACT ............................................................................................................................................ 30 
INTRODUCTION .................................................................................................................................. 31 
MATERIALS AND METHODS ............................................................................................................ 33 
RESULTS AND DISCUSSION ............................................................................................................. 39 
CONCULSIONS..................................................................................................................................... 43 
LIST OF REFERENCES ........................................................................................................................ 44 
CHAPTER THREE ...................................................................................................................... 46 
MERCURY METHYLATION POTENTIALS IN SEDIMENTS FROM AN ANCIENT 
CYPRESS WETLAND USING SPECIES-SPECIFIC ISOTOPE DILUTION-GC-ICP-MS AND 
THE EFFECT OF SORBENT AMENDMENTS ......................................................................... 46 
ABSTRACT ............................................................................................................................................ 47 
vii 
 
INTRODUCTION .................................................................................................................................. 48 
MATERIALS AND METHODS ............................................................................................................ 52 
RESULTS AND DISCUSSION ............................................................................................................. 68 
CONCLUSIONS..................................................................................................................................... 80 
LIST OF REFERENCES ........................................................................................................................ 81 
APPENDIX ......................................................................................................................................... 84 
CHAPTER FOUR ......................................................................................................................... 87 
SPATIAL DISTRIBUTION OF TRACE ELEMENTS AND ANTHROPOGENIC ORGANIC 
COMPOUNDS IN THE MISSISSIPPI RIVER AND MAJOR TRIBUTARIES DURING 2012-
2013............................................................................................................................................... 87 
ABSTRACT ............................................................................................................................................ 88 
INTRODUCTION .................................................................................................................................. 89 
MATERIALS AND METHODS ............................................................................................................ 93 
RESULTS AND DISCUSSION ........................................................................................................... 100 
CONCLUSIONS................................................................................................................................... 108 
LIST OF REFERENCES ...................................................................................................................... 109 
APPENDIX ........................................................................................................................................... 112 
VITA ........................................................................................................................................... 120 
 
  
 
 
 
 
viii 
 
LIST OF TABLES 
Table 1. Global mercury emissions by natural sources estimated for 2008 ................................... 8 
Table 2.  DMA-ICP-MS Instrumental Settings. ........................................................................... 36 
Table 3. Total-Hg (ng g-1) in reference materials determined by thermal decomposition, 
amalgamation, atomic absorption spectrometry (method 7473) and by the DMA-ICP-MS using 
external calibration or isotope dilution mass spectrometry. ......................................................... 40 
Table 4:  Total-Hg in sediment from Sky Lake determined by DMA-ICP-MS using IDMS. ..... 42 
Table 5. DMA-ICP-MS Instrumental Parameters ........................................................................ 66 
Table 6. Sediment mercury methylation and demethylation rates and ancillary data from Sky 
Lake and UM’s Biological Field Station ...................................................................................... 69 
Table 7. Water quality parameters for Sky Lake open water and swamp during sampling. ........ 73 
Table 8. Pearson’s correlation matrix for water quality parameters measured in seasonal trends 
for Sky Lake Mississippi; Open Water, and Swamp sites. ........................................................... 73 
Table 9. One-way ANOVA with post-hoc Tukey HSD test. ........................................................ 76 
Table 10.  Available methylmercury rate summary table. ............................................................ 78 
Table 11.  Methylation and demethylation rates from Sky Lake Mississippi and water quality 
measurements (OW= Open Water, S=Swamp, BRS=Biological Research Station). ................... 85 
Table 12. Comparison of Sky Lake Hg methylation rates with literature values. ........................ 86 
Table 13. Locations on the Mississippi River and major tributaries where water was collected 
during 2012 and 2013 ................................................................................................................... 94 
Table 14. ICP-MS instrumental Settings ...................................................................................... 97 
Table 15. Class and use of Trace Organic Compounds selected in this study with isotopes used 
for quantification. .......................................................................................................................... 99 
Table 16. Least square means obtained from ANOVA for each element and water quality 
parameter from the different rivers. ............................................................................................ 104 
Table 17. Average Trace metal concentrations and water quality data in the major tributaries of 
the Mississippi river during the summer of 2012. ...................................................................... 113 
Table 18: Trace metal concentrations and water quality data by sample site in major tributaries of 
the Mississippi river during the summer of 2012. ...................................................................... 114 
Table 19: Trace metal concentrations and water quality data by sample site in major tributaries of 
the Mississippi river during the summer of 2012 trip values (continued). ................................. 115 
Table 20: Trace metal concentrations and water quality data in the Mississippi river and major 
tributaries of the Mississippi river during the summer of 2013. ................................................. 116 
ix 
 
Table 21. Trace metal concentrations and water quality data in the Mississippi river and major 
tributaries of the Mississippi river during the summer of 2013 trip values (continued)............. 117 
Table 22. Levels of Pharmaceutical and Personal Care Products in the Mississippi River and 
major tributaries of the Mississippi river during the summer of 2013. ...................................... 118 
Table 23:  Levels of Pharmaceutical and Personal Care Products in the Mississippi River and 
major tributaries of the Mississippi river during the summer of 2013 continued.. ..................... 119 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
x 
 
LIST OF FIGURES 
 
Figure 1.  Current estimates of the fluxes and pools of mercury on the Earth’s surface ................ 3 
Figure 2. Global emissions of mercury ........................................................................................... 3 
Figure 3.  Cinnabar, the primary ore of mercury ............................................................................ 4 
Figure 4. U.S air pollution from power plants ................................................................................ 6 
Figure 5. Various products where mercury is still used. ................................................................. 7 
Figure 6. The seven stable isotopes of mercury and there natural percent abundances. ................ 8 
Figure 7. Aquatic mercury cycle ................................................................................................... 10 
Figure 8. Schematic of reactants for the degradation of organic matter (depicted here as CH4) and 
the methylation of Hg. .................................................................................................................. 11 
Figure 9. A cypress swamp wetland located at Sky Lake, Mississippi. ....................................... 13 
Figure 10.  A child with Minamata Disease. ................................................................................ 15 
Figure 11. Tekran 2700 located in the Department of Chemistry and Biochemistry. .................. 19 
Figure 12. Overall flow diagram of the Tekran 2700 ................................................................... 20 
Figure 13. ICP Torch showing the sample introduction procedure. ............................................. 21 
Figure 14. Thermo Fisher Element-XR SF-ICP-MS located in the Department of Chemistry and 
Biochemistry. ................................................................................................................................ 22 
Figure 15: Schematic of an ICP torch and load coal showing how the ICP is formed ................. 23 
Figure 16. Schematic of the Tekran 2700 Coupled to the ICP-MS. ............................................. 24 
Figure 17.  Photo showing the Tekran 2700 coupled to the ICP-MS. .......................................... 25 
Figure 18.  Teflon connection (arrow) from the 2700 into the ICP sample injector. ................... 25 
Figure 19.  Schematic of DMA-ICP-MS interface shown in ICP-MS analysis mode ................. 35 
Figure 20.  Typical intensity vs time chromatogram generated by the DMA-ICP-MS. ............... 40 
Figure 21:  Activated carbon under an electron microscope ........................................................ 51 
Figure 22.  Sky lake study area located in the Mississippi Delta, the satellite images depict the 
location of the open water and swamp study sites. ....................................................................... 53 
Figure 23. Sky Lake Wildlife Recreation Area ............................................................................ 53 
Figure 24:  The University of Mississippi Field Station ............................................................... 54 
Figure 25:  Whirlpool trails wetland area near the University of Mississippi .............................. 55 
Figure 26. A fully loaded sample core from the biological research station. ............................... 56 
Figure 27.  Injecting mercury tracer isotopes into a sediment core .............................................. 58 
Figure 28.  Sediment samples being incubated under anaerobic conditions (N2 purged). ........... 59 
Figure 29:  Distillation setup used ................................................................................................ 61 
Figure 30. GC-ICP-MS chromatogram showing isotope ratios for Hg species ........................... 63 
xi 
 
Figure 31.  Mercury methylation rates in Sky Lake by season (2014-2015). ............................... 70 
Figure 32.  Water temperatures at Sky Lake open water and swamp sites during sampling........ 70 
Figure 33.  Hg methylation rate vs. temperature .......................................................................... 71 
Figure 34. MeHg demethylation rate vs. temperature. ................................................................. 72 
Figure 35. Methylation rates from this study (bars labelled swamp and open water) compared to 
literature values ............................................................................................................................. 74 
Figure 36. Observed mercury methylation rates for each amendment treatment ......................... 76 
Figure 37. Methylmercury recovered for each treatment ............................................................. 77 
Figure 38. Observed mercury methylation rates for untreated and treated sediments with 
humus/manure. .............................................................................................................................. 79 
Figure 39. Locations of the sites on large rivers of the Mississippi River Basin ......................... 95 
Figure 40. Bar graphs representing mean concentrations of six metals and Chl-a in major 
tributaries of the lower Mississippi River for the 2012 sampling trip. ....................................... 101 
Figure 41. PCA loading and score plots of the 2012 data. ......................................................... 103 
 
  
xii 
 
LIST OF ABBREVIATIONS AND SYMBOLS 
 
AAS   Atomic Absorption Spectrophotometry 
AFS  Atomic Fluorescence Spectrometry 
ANOVA  Analysis of Variance 
Chl-a   Chlorophyll-a 
CV   Cold Vapor 
DMA   Direct Mercury Analyzer  
DO   Dissolved Oxygen 
EDC   Endocrine Disruption Compounds 
EPA   Environmental Protection Agency 
GC   Gas Chromatography  
GF/F   Glass Fiber Filter 
GOMA Gulf of Mexico Alliance 
GOM  Gaseous Oxidized Mercury 
ICP   Inductively Coupled Plasma 
IDMS   Isotope Dilution Mass Spectrometry 
HCA   Hierarchical Cluster Analysis 
HgT   Total Mercury 
Km  Methylation rate 
Kd   Demethylation rate 
LOI   Loss on Ignition 
xiii 
 
LOD  Limit of Detection 
MeHg  MeHg 
PBM  Particle Bound Mercury 
PCA   Principal Component Analysis 
PCCPs  Pharmaceuticals and Personal Care Products 
pg  picograms 
RF  Radiofrequency 
SPE    Solid-Phase Extraction 
SRB  Sulfate-Reducing-Bacteria 
SF-ICP-MS Sector Field Inductively Coupled Plasma Mass Spectrometry 
TDS   Total Dissolved Solids 
TOrC   Trace Organic Compounds 
TSS   Total Suspended Solids 
UM  University of Mississippi 
US   United States 
USGS   United States Geology Survey 
 
  
1 
 
 
 
CHAPTER ONE 
 
 INTRODUCTION AND BACKGROUND INFORMATION 
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BACKGROUND 
 
Greater than 100 nations, including the U.S., have signed the Minamata Treaty to reduce 
mercury (Hg) emissions.  This is because mercury (Hg) is recognized as a global pollutant that 
has the potential to affect both human and ecological systems.  Mercury is dispersed globally 
through the atmosphere and is only slowly oxidized to the more soluble and particle-reactive 
Hg
+2
 form; Hg
0
 airborne residence time is estimated to be from a few months to several years.
1
  
Gaseous oxidized mercury (GOM) and particle bound mercury (PBM) have shorter atmospheric 
residence times and thus are usually associated with local or regional sources.
2,3
  Atmospheric 
mercury species transfer to terrestrial and aquatic environments through wet and dry deposition, 
where microbes, often sulfate reducing bacteria (SRB), convert inorganic mercury to 
methylmercury (MeHg).  MeHg undergoes an accelerated bio-magnification and bio-
accumulation in the aquatic environment.
4-6
  Humans are exposed to MeHg primarily through 
consumption of fish and shellfish.  MeHg is capable of crossing the blood brain- and placental- 
barriers, and exposure in-utero has been linked to subtle developmental deficits such as 
decreased performance in tests of language skills and memory function, and attention deficits.
7
    
Current estimates of the fluxes and “pools” of mercury on the earth’s surface is shown in 
Figure 1.  A growing percentage of mercury released into the environment stems from Asia (Fig. 
2). 
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Figure 1.  Current estimates of the fluxes and pools of mercury on the Earth’s surface.8 
 
 
Figure 2. Global emissions of mercury.
8
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SOURCES AND PROPERTIES OF HG 
 
Mercury is a naturally occurring element and can exist in the solid, liquid and gaseous 
states.  Elemental mercury is liquid metal at standard temperature and pressure, and is commonly 
found in glass thermometers and more recently in compact fluorescent light bulbs.
9
  Mercury can 
also exist as a salt when it combines with elements such as chlorine, sulfur or oxygen.  Mercury 
sulfide (HgS) or cinnabar is the most common source of mercury in nature.
10
  Cinnabar is 
generally obtained through mining and is bright scarlet to brick-red in color (Fig. 3).
11-13
   
 
Figure 3.  Cinnabar, the primary ore of mercury.
14
 
Mercury is released into the environment from anthropogenic activities through mining 
or the burning of fossil fuels especially coal.
15
  A common way to extract gold from its ore is by 
a technique called amalgamation.  Briefly, one process of amalgamation works by first crushing 
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the ore.  The rock fragments are then washed often over mercury coated copper sheets, where 
gold forms a mercury-gold amalgam.  Mercury is thought to bind to gold by van der Waals 
forces and also through weak 6p orbital interactions.
16
     This material is then heated in a 
distillation retort and the mercury is recovered; what remains are fine particles of gold.   The 
process can cause ill health effects with the workers since some of the mercury is released into 
the atmosphere or surrounding environment.
17,18
 
Power plants are major sources of air pollution and, in particular, mercury emissions.  
Half of all the mercury emitted in the U.S. comes from power plants (Fig. 4).
19
  The other major 
sources of anthropogenic mercury emissions are municipal waste and medical waste incinerators, 
although the former has reduced emissions by over  95%.
19
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Figure 4. U.S air pollution from power plants.
19
 
 
 
 Mercury is still used in a wide variety of products such as batteries, paints, switches, 
electrical and electronic devices, thermometers, blood-pressure gauges, fluorescent and energy 
saving lamps, pesticides, fungicides, medicines, cosmetics, and dental amalgams (Fig. 5), though 
the Minamata Treaty is expected to ban many of these in the coming years.
20
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Figure 5. Various products where mercury is still used. 
 
Mercury is also emitted to the environment through natural sources such as volcanoes 
and forest fires.  Mercury in terrestrial and aquatic environments can be re-emitted back to the 
atmosphere through natural processes that convert inorganic and organic forms of mercury to 
volatile elemental mercury (Table 1).
21
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Table 1. Global mercury emissions by natural sources estimated for 2008.
21
 
 
 
Mercury has seven different naturally occurring isotopes with 
202
Hg being the most 
abundant isotope at 29.6 % and 
196
Hg being the least abundant isotope at 0.015 % (Fig. 6).
22
 
 
 
Figure 6. The seven stable isotopes of mercury and there natural percent abundances. 
Oceans 2682 52
Lakes 96 2
Forests 342 7
Tundra/Grassland/Savannah/Prairie/Chaparral 448 9
Desert/Metalliferous/Non-vegatate Zones 546 10
Agricultural areas 128 2
Evasion after mercury depletion events 200 4
Biomass burning 675 13
Volcanoes and geothermal areas 90 2
Total 5207 100
Mercury 
(Mg yr-1)
Contribution 
(%)
Source
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THE IMPORTANCE OF WETLANDS IN THE MERCURY CYCLE 
 
 Wetlands provide many positive environmental benefits, including habitat for wildlife, 
buffering for flood-prone areas, and a natural filtering-effect of some water impurities.  Wetlands 
also play a critical role in the transformation of Hg within landscapes and are considered hot-
spots for mercury methylation.
23
  They have been shown to be net sources of MeHg to 
ecosystems and may, in part, explain the high concentrations of Hg found in fish in remote and 
near-pristine regions.
24
  Methylation occurs primarily in anoxic environments by SRB, which 
thrive in wetland environments.
25
  Methylmercury diffuses out of the microorganism and enters 
the water column where it readily accumulates in plankton and magnifies in the food web. 
Environmental factors that seem to promote methylation, in wetlands, include warm 
temperatures, low pH, the presence of humic materials, and long water residence time.
26
  Water 
level fluctuations can also affect Hg methylation rates. St. Louis et al. used a mass-balance 
approach in a nine year-long experiment that involved flooding a wetland complex located in 
northwestern Ontario.
23
  They found that before flooding the wetland produced 1.7 mg MeHg 
Ha
-1
 yr
-1
 to downstream ecosystems.
23
  During the first year of flooding net yields of MeHg from 
the reservoir increased 40 fold to approximately 70 mg MeHg ha
-1
 yr
-1
.  After the first year of 
flooding MeHg concentrations still remained high relative to the year before flooding and were 
between 10-50 mg MeHg ha
-1
 yr
-1
.  
The mercury biogeochemical cycle is complex (Fig. 7).  Summing up, first inorganic 
mercury is deposited to the terrestrial surface or to surface water through either dry or wet 
10 
 
deposition.
27
  Inorganic mercury in the aquatic system can be converted to methylmercury by 
microorganisms such as SRB; the majority of the methylation occurs in anoxic sediments.
28
  
Once methylated, MeHg can be demethylated back to inorganic mercury (by biotic or abiotic 
means).  It can also diffuse out of sediments and assimilate into primary producers such as 
phytoplankton where it enters the food chain.  Because it does not readily efflux out of 
organisms, MeHg concentrations increase with successively higher trophic levels resulting in 
biomagnification.
29
 
 
Figure 7. Aquatic mercury cycle.
27
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Microorganisms that are known methylators include sulfate and iron reducing bacteria 
which, as noted, are often found in sediment under anoxic conditions.   The process of Hg 
methylation by SRB is described in Figure 8.  The microorganisms derive energy by oxidation of 
organic matter, simultaneously reducing sulfate to sulfide.  The sulfide anion can subsequently 
bind to Hg
2+
 to form HgS. The small neutrally charged HgS species passively diffuses through 
the cell wall where the Hg
2+
 becomes methylated by various enzymes such as methylcobalamin 
(vitamin B12).  Additional details of the microbial methylation process are described 
elsewhere.
28
   
 
Figure 8. Schematic of reactants for the degradation of organic matter (depicted here as 
CH4) and the methylation of Hg.  Organic matter is oxidized and electrons are donated to 
sulfate for the reduction of sulfide.  Sulfide and Hg
2+
 form a neutral charged complex and 
migrate across microbial cell walls where methylation occurs.  Methylation may involve 
non-enzymatic transfer of methyl groups to Hg
2+
 via co-enzymes (i.e., methylcobalamin).
30
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MERCURY ISSUES IN THE STATE OF MISSISSIPPI  
 
Mississippi is a state with abundant water resources and a thriving commercial and 
recreational fishing industry.  Mercury has emerged as a threat to that industry and as serious 
public health concern for residents.  Based on recommendations of a Fish Advisory Task Force, 
the Mississippi Department of Health placed fish consumption advisories for a number of water 
bodies within the state, including areas frequented for recreation and sport-fishing.  The origin of 
Hg in these water bodies is unclear but may include atmospheric deposition, geological 
formations that leach Hg into the watershed, and historic land use practices.  Local and regional 
environmental conditions also have a dramatic impact on the production, transport and fate of Hg 
species in a given area.  Wetlands, as described previously, play a critical role in the cycling of 
Hg in watersheds (Fig. 9).   
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Figure 9. A cypress swamp wetland located at Sky Lake, Mississippi, the location of this 
study. 
 
Mississippi is also one of five states located on the Gulf of Mexico, where residents 
generally consume more fish than the rest of the U.S. population.
31,32
  Lincoln et al. found that 
concentrations of Hg in recreational anglers from Louisiana had median hair Hg concentrations 
of 0.81 µg/g, which was approximately four times the median concentration from a study of 
women of childbearing age (0.19 µg/g).
31,33
  Mississippi has issued a mercury-based fish 
consumption advisory for its Gulf waters.
34
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HEALTH EFFECTS OF HG 
 
Elemental mercury does not pose a health risk to humans unless ingested or inhaled, 
although some exposure to elemental mercury can be through the skin.  Inhalation is the primary 
exposure route of elemental mercury.
35
  A severe case of inhalation of elemental mercury which 
resulted in death occurred in Michigan.  Four adults wanted to recover the silver out of silver 
amalgam fillings.  The adults melted the fillings but did not realize that the fillings were ~50% 
mercury.  After the first day all four people developed breathing problems, and despite medical 
care, all four people died.  The house where this occurred was so contaminated with mercury that 
it had to be destroyed.
36
 
The most common form of mercury poisoning is associated with methylmercury.  A 
classic example of acute MeHg poisoning is the Minamata Bay incident.
37
  Minamata Bay is on 
the west coast of Kyushu Island, located in Kumamoto Perfecture, Japan.  Minamata Bay was 
home to the Chisso Corporation a chemical factory that initially produced fertilizers.  In the early 
1930s the Chisso Corporation produced acetaldehyde.  Acetaldehyde is commonly used as a 
precursor for the production of acetic acid.  To produce acetaldehyde the Chisso Corporation 
used mercury sulfate as a catalyst in the reaction.  A small waste byproduct of this reaction was 
methylmercury, which was released into Minamata Bay.  Little was known about methylmercury 
poisoning at the time and that methylmercury was bioaccumulated in fish and shellfish.  Since 
Minamata Bay harbored a large fishing community a lot of the food consumed was fish and 
15 
 
shellfish.  Over time doctors started noticing children having acute mercury poisoning such as 
ataxia, numbness, muscle weakness, narrowing of the field of vision, insanity, paralysis, and 
even death (Fig. 10).  This incident in Minamata Bay caused the people in Japan to start a 
movement on the awareness of how companies dispose of their waste.
37,38
  
 
Figure 10.  A child with Minamata Disease. 
 
Chronic and subtle effects of MeHg can also occur.  Case studies have shown that 
children exposed to methylmercury through consumption of fish and whale meat present signs of 
neurological and developmental effects such as low IQ.
39-41
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ISOTOPE DILUTION MASS SPECTROMETRY 
 
Isotope dilution mass spectrometry (IDMS) is an established method that provides highly 
accurate and precise results for quantitative analysis.  Bancon et al. compared IDMS to the 
method of standard additions for measuring butyltin and showed that IDMS improved precision 
by an order of magnitude.
42
  Whereas much of the early work used radioactive tracers, with the 
advent of mass spectrometry and the availability of stable isotopes IDMS is now more common.  
The International Bureau of Weights and Measures classifies IDMS as a definitive method for 
trace element analysis, and as a primary method of the highest metrological quality. 
Hevesy and Paneth were the first to use isotope dilution in analytical chemistry.
43
     
In their radiotracer study, a known amount of 
210
Pb was added to a standard solution of PbCl2.   
The radioactivity was measured and then Pb
2+
, precipitated out quantitatively and the 
radioactivity of the filtrate was measured.  The ratios of both measurements multiplied by the 
initial amount of lead, yielded extremely accurate data on the solubility of PbS and PbCrO4. This 
work helped Hevesy earn the 1943 Nobel Prize in Chemistry.   
The basic working principal of IDMS is presented in the following example.  Let’s say 
one wants to determine how many squirrels are in a park.  One captures a subset of the squirrels 
(say 8) tags them, and then releases them back into the park. The squirrels are given time to 
intermingle with one another and then a second catch is executed at a later date.  In the second 
catch 8 squirrels are caught, but only two are tagged.  The ratio of tagged to untagged would be 
17 
 
2:8.  A probability relationship is established 2/8 = 8/(N-8) or N = 40 squirrels in the park.  
While this example is simplistic, it demonstrates the basic working principle of isotope dilution, 
where the tagged squirrels represent the spike containing an enriched isotope. 
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INSTRUMENT THEORY AND FUNDAMENTALS 
 
The primary analytical techniques used in this work were gas chromatography (GC), 
atomic absorption spectrometry (AAS), and inductively coupled plasma mass spectrometry (ICP-
MS).  The instruments employed in this work were the Tekran 2700 MeHg analyzer (includes a 
GC), the Thermo Fisher Element XR Sector Field ICP-MS, and the Milestone Direct Mercury 
Analyzer (includes an AAS). 
 
Gas Chromatography 
Gas chromatography is a technique that provides a time separation of components in a 
mixture.  The basic operating principle of a gas chromatograph involves first the volatilization of 
the analyte(s) of interest, next the analyte is injected into the GC column via a syringe, finally the 
analytes are separated out by the column and the analytes are detected by a detector.  An 
important aspect of gas chromatography is the use of a carrier gas (mobile phase) such as helium, 
nitrogen, or argon to transfer the analyte of interest through the injector into the column and 
finally to the detector.  The GC column contains a coating of a stationary phase that is able to 
provide sufficient separation of the sample mixture to be detected by the detector.  It should be 
noted that only compounds that can be volatilized without decomposition are suitable for GC 
analysis.
44
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The Tekran 2700 is a fully automated system based on aqueous ethylation, purge and 
trap, gas chromatography, and cold vapor atomic fluorescence spectrometry (CVAFS) (Figs. 11 
and 12).  The Tekran 2700 can detect low levels of MeHg (minimum detection limit of ~0.005 
ng/l) .  The Tekran 2700 was used to quantify MeHg according to U.S EPA method 1630, as 
well as obtain MeHg isotope ratios.   
 
 
Figure 11. Tekran 2700 located in the Department of Chemistry and Biochemistry. 
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Figure 12. Overall flow diagram of the Tekran 2700.  (Used with permission from Tekran) 
 
For MeHg analysis, samples are first placed in 42 ml borosilicate vials with septa.  The 
samples are buffered to a pH of 4.5 and ethylated using sodium tetraethyl borate.  About 30 ml of 
sample is poured into each sample vial leaving room for headspace.  The needle pierces the 
septum and argon gas is passed through the liquid.  The volatile mercury species (e.g. MeHgEt) 
are carried through a port on the upper part of the needle (located in the headspace) to a Tenax 
trap where they are collected.  The mercury species are then desorbed off of the Tenax trap to the 
GC column where they are separated.  Elemental mercury passes through the column first, 
followed by MeHg (MeHgEt), inorganic mercury (Et2Hg), and finally propyl mercury (a 
surrogate used for quality control).  Once the mercury species leave the column they pass 
through a pyrolyzer (~800
o
C) where the various mercury species decompose to elemental 
mercury.  The Hg
0
 is then detected using cold vapor atomic fluorescence spectroscopy (CVAFS).  
For isotope measurements the Hg
0
 is then carried to the ICP-MS for isotope dilution analysis. 
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Inductively Coupled Plasma Mass Spectrometry 
ICP-MS uses a high-temperature inductively coupled plasma source, in conjunction with 
a mass spectrometer.  The ICP source has the following basic components: a plasma torch, a 
radiofrequency (RF) coil, and a power supply.  The torch is usually made out of quartz and 
consists of an outer tube and middle tube (Fig. 13).   
 
 
 
 
Figure 13. ICP Torch showing the sample introduction procedure.
45
 
 
The sample injector is positioned in the middle of the torch.  The sample injector is where 
the sample is first introduced into the plasma.
46
 The sample injector can be made of materials 
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such as quartz, sapphire, alumina, and platinum.   The gas usually chosen to form the plasma is 
argon.  The flow rate of argon gas between the middle and outer tubes is usually ~12-17 L/min.  
An auxillary gas flows between the middle tube and the sample injector ~1L/min.  The torch is 
located about 10 to 20 mm from the interface. The Thermo Fisher Element XR is a double 
focusing ICP-MS (Figure 14).   
 
 
Figure 14. Thermo Fisher Element-XR SF-ICP-MS located in the Department of 
Chemistry and Biochemistry. 
 
ICP Discharge 
 The mechanism of the formation of the ICP discharge is shown in Figure 15.  First, a 
tangential stream of argon is flowed between the outer and middle portion of the torch (A).  An 
electromagnetic field is generated by a copper load coil surrounding the torch with the power 
being supplied by an RF generator with a typical power supply of (750-1500 W).  Second, an 
23 
 
electromagnetic field is created by an oscillating alternating current with a frequency of 27 of 40 
megahertz (B).   
 
Figure 15: Schematic of an ICP torch and load coal showing how the ICP is formed.
47
 
 
A high voltage spark is applied to the gas flowing through the torch causing some of the 
argon atoms to be stripped of some electrons.  The magnetic field that is created helps accelerate 
other argon atoms further inducing collisions, and stripping off more electrons.  This “collision-
induced ionization” of argon continues, breaking down the argon gas into atoms, ions, and 
electrons, this is what is called the ICP discharge.  The ICP discharge is sustained by continuous 
energy that is supplied by the RF generator.  The amount of energy that is required to generate 
argon atoms is ~ 15.8 eV (first ionization potential).
47,48
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GC-ICP-MS 
The GC-ICP-MS system combines the separation ability of the gas chromatograph with 
the ICP-MS to distinguish precise isotope-ratio measurements.  A schematic of a GC coupled to 
the ICP-MS is shown in Figure 16.  Photos of our GC-ICP-MS experimental set is given in 
Figures 17 and 18. 
 
 
Figure 16. Schematic of the Tekran 2700 Coupled to the ICP-MS. 
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Figure 17.  Photo showing the Tekran 2700 coupled to the ICP-MS. 
 
 
 
Figure 18.  Teflon connection (arrow) from the 2700 into the ICP sample injector. 
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CHAPTER TWO 
 
DIRECT MERCURY ANALYSIS IN ENVIRONMENTAL SOLIDS 
BY ICP-MS WITH ON-LINE SAMPLE ASHING AND MERCURY 
PRE-CONCENTRATION USING A DIRECT MERCURY 
ANALYZER 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Bussan D.D., Sessums R.F., and Cizdziel J.V. (2015) Journal of Analytical Atomic Spectrometry. 
30, 1668-1672. 
30 
 
 
 
 
ABSTRACT 
 
A commercially available direct mercury analyzer (DMA) based on sample combustion, 
pre-concentration by amalgamation with gold, and atomic absorption spectrophotometry (AAS) 
was coupled to a sector field inductively coupled plasma mass spectrometer (ICP-MS).  The 
combined system (DMA-ICP-MS) was optimized and evaluated for the determination of 
mercury in environmental samples using both external calibration and isotope dilution for 
quantitation.  The method was validated using certified reference materials, including sediment, 
leaves, and fish-muscle tissue.  The limit of detection was ~0.37 pg, about two orders of 
magnitude lower than the DMA system alone.  Precision was generally <7% relative standard 
deviation, and total analyses time per sample was <8 min. The DMA-ICP-MS system has several 
advantages over both the DMA alone and conventional cold-vapor AAS for the determination of 
mercury, including increased sensitivity, lower detection limits, decreased potential for sample 
contamination, and applicability to Hg stable isotope tracer studies. 
  
 
 
 
 
Keywords: mercury, direct mercury analysis, ICP-MS, Hg isotopes, thermal decomposition, 
isotope dilution 
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INTRODUCTION 
 
Mercury (Hg) is a persistent, mobile, and highly toxic environmental pollutant that is 
routinely measured in environmental and toxicological studies and biomonitoring programs.
1-3
 
Direct mercury analyzers (DMAs) are commonly used for determining total-Hg in a variety of 
sample matrices.  These instruments integrate sample combustion, matrix removal and Hg pre-
concentration via amalgamation with gold, and atomic absorption spectrophotometry.  They are 
popular because they increase analytical throughput, reduce waste generation and the potential 
for sample contamination, and have relatively low operating and capital costs.  However, atomic 
absorption spectrometry (AAS) and atomic fluorescence spectrometry (AFS) based methods are 
unable to distinguish individual isotopes, and thus are not suitable for quantitation using isotope 
dilution or for isotope tracing studies.   
Isotope dilution mass spectrometry (IDMS) is an accurate method to quantify elements 
that have more than one isotope, and it has long been used for the determination of Hg in 
environmental samples.
4
  In IDMS, a sample is mixed with an isotopic standard enriched in one 
of the minor isotopes of the analyte element, and, after equilibration, mass spectrometry is used 
to measure the altered isotope ratios.  The resulting isotopic compositions, along with the mass 
of the sample and spike, are used to calculate the concentration of the element in the sample.  
Mercury stable isotopes have also been used as tracers to investigate Hg transformations in the 
environment, and, for more than a decade, these studies have yielded significant new insight into 
the processes controlling Hg speciation and bioavailability.
5 
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Coupling a DMA to an inductively coupled plasma mass spectrometer (ICP-MS) offers 
several potential advantages over both the DMA alone and conventional cold vapor (CV)-AAS 
or CV-AFS for the determination of Hg, including: (1) increased sensitivity and lower detection 
limits, (2) efficient (ca. 100%) Hg introduction compared to conventional liquid nebulization, (3) 
simple interface design and operation, (4) improved accuracy though use of isotope dilution, (5) 
increased speed and throughput of analyses, and (6) the possibility of direct analysis of solid 
samples as part of Hg stable isotope tracer studies of environmental processes.   
Because there are no reports in the literature specifically evaluating a DMA-ICP-MS 
coupled system, the aim of the current study was to: (1) develop a simple procedure to couple the 
DMA with an ICP-MS, (2) optimize the combined system, (3) evaluate common analytical 
figures-of-merit using both external calibration and IDMS, and (4) apply the method to 
environmental and biological sample matrices.   
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MATERIALS AND METHODS 
 
Standards and reference materials 
201
Hg (93.08%) enriched stable isotope was obtained from Oak Ridge National 
Laboratory as HgO.  The oxide was dissolved in 10% high-purity (Optima grade) HNO3 and 
diluted.  A single element natural isotopic abundance Hg standard obtained from Spex Certiprep 
(Metuchen, NJ, USA) was used to optimize the ICP-MS prior to analysis, and to calculate the 
concentration of the enriched stable isotope spike using reverse-IDMS.  For the latter, approx. 
1.05 g of the natural isotopic abundant Hg (concentration 493.9 ng g
-1
) was accurately weighed 
and added to 0.25 g of the 415 ng g
-1
 spike, and the mixture diluted to ~50.00 g in 10% HNO3.  
The concentration of the 
201
Hg spike was determined by reverse IDMS using the same equations 
for IDMS.
6
   
DORM-3 (dogfish muscle), NIST 2709 (sediment), and NIST 1547 (peach leaves) was 
used as reference materials.  DORM-3 was obtained from the National Research Council of 
Canada (Ottawa), and the other reference materials were from the National Institute of Standards 
and Technology (Gaithersburg, MD, USA).   Ultrapure water (>18 ΜΩ cm-1) was obtained from 
a Barnstead Nanopure Diamond system.  
Direct Mercury Analyzer 
A DMA-80 (Milestone Inc., Shelton, CT) was used throughout this study.  DMAs and 
their applications in environmental and biological studies have been described elsewhere.
6-8
 
Briefly, samples were weighed in nickel or quartz boats and placed in an autosampler which 
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sequentially inserts them into the DMA’s combustion tube where they were heated to ~650 °C 
with oxygen as a carrier gas.  Gaseous combustion products were carried through a heated 
catalyst, where Hg species are converted to elemental Hg vapor (Hg
0
), and where halogens and 
other species which can interfere with the analysis are trapped.  Mercury vapor and other 
decomposition products were carried to a glass tube gold-coated sand where Hg
0
 is selectively 
trapped.  Later, the trap is rapidly heated to release Hg
0
 vapor into a single beam 
spectrophotometer.  Mercury concentration is calculated based on the absorbance measured at 
253.7 nm and the weight of the sample.  In the current study, operating times for drying, 
combustion, and post-combustion flushing periods were 60, 180, and 45 s, respectively, for a 
total analysis time of <5 min per sample.  DMA instrumental settings are given in Table 2. 
ICP-MS 
A sector field-ICP-MS (Element-XR, Thermo Scientific) was used to measure Hg 
isotopes.  The ICP-MS was optimized prior to analysis using a Hg tuning solution (Spex 
Certiprep; Metuchen, NJ, USA) introduced using a microflow concentric nebulizer and a peltier-
cooled cyclonic spray chamber (PC
3
; Elemental Scientific, Omaha, NE, USA).  Argon from the 
DMA was introduced downstream of the PC
3
 just prior to the torch using a T-junction (Figure 
19).  This setup allows for easy instrument tuning and, if desired, introduction of solutions for 
measuring mass discrimination.  When tuning the ICP-MS, argon from the DMA was kept on.  
When running samples on the DMA-ICP-MS, the optimized nebulizer gas flow was kept on but 
the uptake line from the solution was removed.  
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Figure 19.  Schematic of DMA-ICP-MS interface shown in ICP-MS analysis mode (left) 
and operation of the valves during a typical run (right). 
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Table 2.  DMA-ICP-MS Instrumental Settings. 
DMA Parameters 
 
 
Gas flow 200 mL min
-1
 
Drying 200 
o
C for 60 s 
Decomposition 650 
o
C for 180 s 
Purge 1 60 s 
Amalgamator heat ~850 
o
C for 12 s 
Purge 2 45 s 
Plasma Parameters 
Cool gas flow 16 L min
-1
 
Aux. gas flow 1.03 L min
-1
 
Sample gas flow 1.05 L min
-1
 
RF power 1280 W 
ICP-MS Data Acquisition Parameters 
Isotopes  
201
Hg,
 202
Hg 
Resolution Low 
Mass Window 5% 
Points per peak 100 
 
 
 ICP-MS instrumental settings are given in Table 2.  Mercury isotopes (
201
Hg and
 202
Hg) 
were monitored in low resolution mode.  A higher resolution setting was not necessary because 
interferences are not present as the Hg is isolated from the matrix via the amalgamation step.  
The mass window was set to 5% with 100 points per peak, yielding 5 data points (averaged per 
pass) across the middle portion of the flat-topped peak.  Fast electric scanning (123 runs/pass) 
was used with an integration time of 10 ms, resulting in a data point for each isotope every 0.86 s 
over a total acquisition time of 1.72 min. 
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DMA combination with ICP-MS: interface and operation 
A schematic of the DMA-ICP-MS interface showing the operation of the system during a 
typical analytical run is shown in Figure 21.  Instrumental settings for both the DMA and the 
ICP-MS are given in Table 2.  Valves “upstream” and “downstream” of the DMA were used to 
direct gases compatible with DMA and ICP-MS.  The operation of the valves and triggering of 
the ICP-MS was done manually; however, this could certainly be automated by researchers or 
instrument manufacturers.  To interface the DMA with the ICP-MS, a 3.175 mm (OD) teflon 
tube was inserted directly into the outlet of the DMA analysis cell making a tight seal without 
any further manipulation. The other end of the tube was connected to a 4-port stainless steel 
valve (Valco Inc., Houston, TX, USA).  The entire length of the tube was wrapped in silicone 
rubber-encapsulated heat tape (Thermolyne-Barnstead) to prevent condensation in the line.  The 
“downstream” valve was used to direct gases leaving the DMA either to vent or to the ICP-MS 
via another 3.175 mm (OD) Teflon tube.   
At the start of a run and during the sample drying and decomposition (sample ashing and 
Hg pre-concentration) phase of the analysis, the upstream valve was positioned to deliver O2 to 
the DMA, while the downstream valve was positioned to direct combustion products to vent.  
The valves were switched at the conclusion of the decomposition phase (during the start of purge 
1 phase, before the amalgamator is heated) to change the carrier gas from O2 to argon and to 
change from vent to the ICP-MS.  Doing this early in this stage allows the system time to 
stabilize.  Next, data acquisition was initiated for the ICP-MS about 10 sec before the 
amalgamator was heated to drive off Hg.  This analytical scheme allows Hg (free of combustion 
products) to be carried to the plasma in argon.  
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DMA-ICP-MS (external calibration) 
For external calibration, a single isotope (
202
Hg) was monitored in low resolution mode 
and peak areas were used for quantitation.  The system was calibrated using a temperature-
controlled Hg-vapor calibration unit (Tekran 2505) and standard solutions.  For calibration in the 
low range, a gas-tight syringe (Hamilton Company) was used to deliver approximately 50, 100, 
150, 200, 250, 300 and 350 pg of Hg to the DMA via an injection port that was outfitted to the 
carrier gas stream just prior to entering the combustion chamber (Figure 21).  For calibration at 
higher levels, a standard solution was weighed into quartz boats using an analytical balance with 
0.1 mg readability, and the boats delivered to the DMA.  The standard solutions were prepared 
from a 10,000 mg L
-1
 stock solution (SPEX CertiPrep) and delivered approximately 1.5, 4.0 and 
10 ng of Hg to the DMA.  The weights of the solutions introduced to the DMA ranged from 
about 20 to 50 mg.       
DMA-ICP-MS (isotope dilution quantitation) 
For isotope dilution measurements (single spike method), a 
201
Hg enriched isotope 
standard solution (described above) was used.  The samples were accurately weighed in a 
combustion boat using the same balance described above.  The spike solution was then added 
directly on the sample and the mixture was re-weighed.  Spikes were added to deliver ~4.65 ng 
201
Hg for NIST 2709 and DORM-3, and 0.11 ng for NIST 1547.  The boats were delivered to the 
DMA and the DMA run as described before.  
201
Hg and
 202
Hg were monitored by the ICP-MS in 
low resolution mode and peak areas were used to determine the Hg isotope ratio in the sample.  
The ratio, together with the mass of the sample and spike, was used to quantify total-Hg in 
certified reference materials and lake sediment using standard isotope dilution calculations.
4,9
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RESULTS AND DISCUSSION 
 
 
 
For conventional IDMS of solution digests, an intimate mix of the isotope spike with the 
sample is critical to achieve accurate data.  This is not as important for samples that are subject 
to thermal decomposition as long as all the Hg is quantitatively transferred and measured.  
Moreover, because Hg isotopes will fractionate as they desorb from a heated gold trap (lighter 
isotopes preferentially desorbing first), it is important that the entire area of the peak be used in 
the calculations so that the data captures accurate isotope ratios.
10
  A typical intensity versus time 
chromatogram generated by the DMA-ICP-MS is shown in Figure 20.  There is very little time 
delay (<2 s) from when the DMA amalgamator is heated to when the ICP-MS Hg signal rises. 
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Figure 20.  Typical intensity vs time chromatogram generated by the DMA-ICP-MS.  At ~ 
10 s in the figure the DMA gold trap is heated releasing Hg to the ICP-MS.  Numbers in the 
figure represent four of the stable isotopes of Hg that were monitored. 
 
 
Table 3. Total-Hg (ng g-1) in reference materials determined by thermal decomposition, 
amalgamation, atomic absorption spectrometry (method 7473) and by the DMA-ICP-MS 
using external calibration or isotope dilution mass spectrometry. 
 
 
 
 
Conc.
 RSD 
(%)
Recovery 
(%)
Conc. 
RSD 
(%)
Recovery 
(%)
Conc.
RSD 
(%)
Recovery 
(%)
Sediment NIST 2709 1400 ± 80  1396 ± 23 1.6 100 1510 ± 80 5.3 108 1416 ± 24 1.7 101
Leaves NIST 1547 31 ± 7 32 ± 2 5.2 103 29 ± 2 6.9 94 31 ± 4 11 100
Fish-muscle DORM-3 382 ± 60 387 ± 23 5.9 101 420 ± 15 3.6 107 373 ± 12 3.3 98
n = 5, except for DORM-3 where n = 9
Matrix
Reference 
Material
Certified 
External Calibration IDMSMethod 7473
Observed
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Limit of detection, accuracy, and precision 
 For the DMA-alone, the limit of detection (LOD, 3σ criteria) was 13 pg based on eight 
blank measurements (empty sample boats) and the slope of the calibration curve in the low 
concentration range (gas phase standard injections).  Using the same approach the LOD for the 
DMA-ICP-MS was 0.37 pg, nearly two orders of magnitude lower than the DMA alone.  The 
DMA-ICP-MS LOD corresponds to 1.2 pg g
-1
 for 250 mg of sediment (a typical weight for 
sediment in a DMA boat) or 5.0 pg g
-1 
for 60 mg of biological tissue (typical weight for fish 
tissue in a DMA boat).  Thus, the DMA-ICP-MS method is capable of ultra-trace level analyses.  
Moreover, there was virtually no carryover between samples for sample weights that deliver less 
about 40 ng of Hg.  Nevertheless, because Hg can adsorb on Teflon surfaces, carryover should 
be monitored, particularly following samples containing relatively high levels of Hg. 
The method was validated using a variety of certified reference materials, including 
sediment (NIST 2709), leaves (NIST 1547), and fish tissue (DORM 3).  Recoveries for these 
certified reference materials were within the certified range (Table 3). Following U.S. 
Environmental Protection Agency Method 7473, the DMA alone yielded recoveries ranging 
from 100-103% of certified values, indicating that the DMA was operating properly.  The 
corresponding DMA-ICP-MS data was also in good agreement with certified values: ±8% for 
external calibration and slightly better accuracy (±2%) for isotope dilution measurements.     
For external calibration of the DMA-ICP-MS, precision was <7% relative standard 
deviation (RSD) (Table 3).  For IDMS quantitation, the precision was <4% RSD for both 
DORM-3 (n=9) and NIST 2709 (n=5), but higher for NIST 1547 leaves (11% RSD), which had 
the lowest Hg levels of the three (31 ± 7 ng g
-1
).  Uncertainty in the results can stem from the 
relatively small weights used for either the spike solutions or the sample, where a small 
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difference in weight can have a big impact on results. We kept the absolute amounts of Hg to 
<40 ng (~0.5 – 40 ng) to minimize carryover and prevent overloading the DMA with Hg.  Thus, 
sample weights for NIST 2709 soil (1400 ± 80 ng g
-1
), DORM-3 (382 ± 60 ng g
-1
) and NIST 
1547 (31 ± 7 ng g
-1
) were ~25 mg, ~125 mg, and ~200 mg, respectively.  Also, whereas the 
DMA itself and the transfer line from the DMA to the downstream valve was heated to prevent 
condensation, we still wanted to keep the volume of liquid (mass of spike) to a minimum (spike 
levels were 20-50 mg).  Using weights lower than these for the sample and spike are likely to 
increase uncertainty in the analytical results.     
We are currently using the DMA-ICP-MS method to determine total-Hg in sediments 
from an old-growth cypress wetland at Sky Lake, an oxbow lake in the Mississippi Delta alluvial 
flood plain, as part of a stable isotope tracer study examining Hg methylation/demethylation 
rates.  So far, the RSD has been <10% (2.8 – 12.6%), based on seven different sediment samples 
run in triplicate and ranging in concentration from 35 – 147 ng g-1 (Table 4). 
 
Table 4:  Total-Hg in sediment from Sky Lake determined by DMA-ICP-MS using IDMS. 
 
  
Sample Date
T-Hg (ng g
-1
) 
(n=3)
 RSD (%)
Wetland 88.7 ± 4.4 5.0
Wetland 91.9 ± 6.4 6.9
Open Water 35.5 ± 3.2 9.0
Wetland 147 ± 4 2.8
Wetland 119 ± 15 12.6
Open Water 110 ± 5 5.0
Open Water 106 ± 8 7.7
11/30/2014
1/25/2015
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CONCULSIONS 
  
A direct mercury analyzer was coupled with an ICP-MS for the direct determination of 
Hg in environmental and biological samples.  The approach eliminates the need for acid-
digestion of samples and allows for isotope ratio measurements.  Compared to both the DMA 
alone and conventional CV-AAS, the combined system was shown to lower detection limits, 
increase sensitivity, and provide accurate quantification by the isotope dilution method.  
Anticipated environmental applications of the method include evaluating Hg burdens in 
suspended sediments, non-lethal fish-Hg determinations using milligram quantities of tissue, 
exposure studies using temporally-resolved hair analysis, and environmental process studies 
using Hg stable isotope tracers.  
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CHAPTER THREE 
 
 MERCURY METHYLATION POTENTIALS IN SEDIMENTS 
FROM AN ANCIENT CYPRESS WETLAND USING SPECIES-
SPECIFIC ISOTOPE DILUTION-GC-ICP-MS AND THE EFFECT OF 
SORBENT AMENDMENTS 
 
 
 
 
 
 
 
 
 
 
 
A portion of this work, the study of the effect of sorbent amendments on Hg methylation rates, 
was conducted together with Ryan Sessums, an undergraduate researcher. 
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ABSTRACT 
 
This study used species-specific enriched stable isotope tracers to investigate mercury 
transformations (mercury methylation and demethylation rates) in an old growth cypress wetland 
(Sky Lake) located in the Mississippi Delta.  Wetland sediments are of particular interest because 
they are thought to be “hot-spots” for mercury methylation in ecosystems.  The cypress wetland 
at Sky Lake in the Mississippi Delta undergoes large-scale water level fluctuations that are 
thought to affect the redox conditions in the sediment resulting in alternating periods of oxic and 
anoxic conditions.  These oscillations in redox conditions may influence the speciation and bio-
availability of mercury in the system.  Sediments were collected in the field, incubated in the lab, 
and spiked with enriched stable isotope tracers of inorganic mercury and methylmercury.  
Mercury methylation rates ranged from 0.012 to 0.054 day
-1
, with methylation rates 
generally higher in the summer and spring.  Rates tended to be higher in the open water then in 
the swamp areas.  The open water sites also had higher temperatures, suggesting higher 
microbial activity may have been a factor in this difference.    
Mercury methylation rates were also systematically studied after amending sediment with 
<5% (wt/wt) of select sorbent materials.  Activated carbon and bio-char decreased Hg 
methylation rates by 83% and 89%, respectively, whereas humus/manure increased rates by 
455%.  Whereas activated carbon and biochar were shown to effectively reduce Hg methylation 
rates, further work is needed to understand the associated mechanism(s) and to develop this 
potential method of remediation of highly contaminated sites. 
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INTRODUCTION 
 
Methylmercury (MeHg), a neurotoxin produced primarily by sulfate reducing bacteria in 
aquatic sediments, readily biomagnifies up the marine food chain.
1
  Consumption of fish 
containing high levels of MeHg can lead to severe adverse health effects in both humans and 
wildlife.
2
  To understand the factors controlling the environmental concentration of MeHg in 
natural water bodies requires measuring both inorganic (Hg
+2
) and organic (MeHg) forms, and 
the relative rates of methylation and demethylation.
3
   Others have demonstrated the use of 
enriched stable isotopes to simultaneously study the methylation and demethylation reactions. 
3
   
The main source of mercury into an aquatic system naturally occurring environmental 
system are thought to be from natural sources with the primarily anthropogenic point source of 
mercury found from fossil fuel power plants.
4
  Mercury can be transformed to MeHg by abiotic 
and biotic methylation processes.
5-7
  The majority of mercury methylation (converting inorganic 
mercury into methylmercury) is carried out by sulfate reducing bacteria (SRB).  A minor 
contribution of methylation is from iron reducing bacteria.  These bacteria use vitamin B-12 for 
transferring a methyl group via radical reactions.
8
  
 Wetland sediments are of particular interest because they are thought to be “hot-spots” 
for mercury methylation in ecosystems.  Wetlands are an important resource to the state because 
they provide many positive environmental benefits, including habitat for wildlife, buffering for 
flood-prone areas, and a natural filtering-effect of some water impurities.  Wetlands also play a 
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critical role in the transformation of mercury (Hg) within landscapes and are considered hot-
spots for mercury methylation.
9
  They have been shown to be net sources of MeHg to 
ecosystems and may, in part, explain the high concentrations of Hg found in fish in remote and 
near-pristine regions.
10
   
Methylation occurs primarily in anoxic environments by sulfate reducing bacteria, which 
thrive in wetland environments.
11
  MeHg diffuses out of the microorganism and enters the water 
column where it readily accumulates in plankton and biomagnifies in the food web where it can 
have ecological and human-health impacts.  Environmental factors that seem to promote 
methylation, all of which can be found in wetlands, include warm temperatures, low pH, the 
presence of humic materials, and long water residence time.
12
  ` 
Activated carbon and biochar have both been previously used as an in situ amendment for 
reducing pesticide residues in crops.
13,14
  The sorption effects of biochar have also been tested on 
Cu and Zn.  Between 77-83% of sorption of Cu and Zn occurred within the first two hours of the 
biochar application.
15
 With regard to mercury, a previous study by Gilmour et al showed that 
both activated carbon and biochar could be used as sorbent amendments to reduce both Hg
2+
 and 
MeHg
+
 uptake into biological organisms such as earthworms.
16
   
Previous studies have shown that humic materials can accumulate heavy metals, 
including Hg, and have been shown to increase natural bacterial assemblages, serving as a 
carbon and energy source.
17,18
 Humic materials are substances that are formed by the microbial 
degradation of dead plant materials.
19
   
Because there are no reports in the literature specifically evaluating methylation rates in 
either an ancient cypress swamp or the effects of amendments on methylation rates the aims of 
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the current study were to: (1) measure methylation rates in an ancient cypress swamp, (2) 
correlate methylation rates with ancillary data, (3) determine the factors driving Hg methylation 
in the system, and (4) evaluate the effect of sorbents and humus/manure on Hg methylation rates. 
The amendment materials chosen for this study were activated carbon, bio-char, and 
humus/manure.  Biochar and activated carbon are both carbon-rich porous, fine-grained 
substances.  Activated carbon (Fig. 21) and biochar were chosen due to their high sorption 
properties.  The sorbents are typically used for removing organic contaminants from drinking 
waters, a process that is thought to be accomplished by weak van der walls forces.
20
  Biochar is 
formed from burning biomass in the absence of oxygen (pyrolysis) which forms charred organic 
matter.  The low oxygen environment is what prevents combustion.  The typical temperatures 
used to produce biochar are between 300-1000
o
C.  Activated carbon is a term that is applied to a 
wide range of amorphous carbonanceous materials.  Common materials to form activated carbon 
are nutshells, peat, wood, coal, and petroleum coke.  The carbonization of the raw materials is 
typically at temperatures below 800
o
C an in inert atmosphere.  The material is then activated 
through chemical or thermal means.  Activation by chemical treatments provide an opportunity 
to have a more uniform surface that which can be obtained by thermal activation.
21,22
  
Humus/manure was chosen to study the effect of providing the sediment with a cheap source of 
nutrients, and should not be considered pure humic acid material. 
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Figure 21:  Activated carbon under an electron microscope
23
 
 
Current plans for Sky Lake involve installing a weir at the outlet of Sky Lake in the next 
few years.  This study also provides baseline data that can be used to quantify the impacts of 
modifying the natural flow of water to the system on Hg methylation and demethylation rates 
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MATERIALS AND METHODS 
Site Description 
Sky Lake, Mississippi 
Sky Lake is an oxbow lake located in the Mississippi Delta between the Yazoo and the 
Big Sunflower River (Fig. 22).  A wetland associated with the lake contains one of the few old-
growth Cypress forests remaining in the world (Fig. 23).  The site has an elevated board walk 
that stands atop a portion of the wetland.  We were granted permission from the State of 
Mississippi to access the site and setup instrumentation. The cypress wetland at Sky Lake 
undergoes large-scale water level fluctuations that are thought to affect the redox conditions in 
the sediment resulting in alternating periods of oxic and anoxic conditions.  These oscillations in 
redox conditions may influence the speciation and bio-availability of mercury in the system.   
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Figure 22.  Sky lake study area located in the Mississippi Delta, the satellite images depict 
the location of the open water and swamp study sites. 
 
 
Figure 23. Sky Lake Wildlife Recreation Area.  The Cypress tree in the background 
is several hundred years old.  The arrow indicates that water levels fluctuate several meters 
up the trees. 
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University of Mississippi Biological Research Field Station 
The UM Field Station is located 11 miles northeast of the UM Oxford campus off of 
County Road 202.  The field station is located on 740-acres of land, and consists of 200 
experimental ponds ranging from 0.1 to 2 acres.  Ponds are typically about 1 meter in depth.  The 
current study was conducted at pond 179 (Fig. 24).  The sediments from the UM Field Station 
were chosen to study the effect of humus/manure on methylation rates. 
 
Figure 24:  The University of Mississippi Field Station Center For Water and Wetlands 
Resources. 
 
Wetlands near the University of Mississippi campus 
Wetland sediments from the UM campus were used to study the effect of biochar, and 
activated carbon (Fig. 25).  The wetland site was chosen because it was studied previously and 
found to have high percentage of MeHg in the water and high levels of Hg in fish.
24
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Figure 25:  Whirlpool trails wetland area near the University of Mississippi 
 
Sediment collection and processing 
Two sediment cores were collected seasonally from each the wetland (S) and open water 
(OW) areas at Sky Lake.  Methylmercury production is related to temperature and microbial 
activity, and has been shown to vary seasonally.
25,26
  Wetland sediments are typically anoxic or 
become anoxic within the first cm or less, and thus Hg methylation is generally highest in the top 
layers of the sediment.
25
 We chose to measure Hg methylation rates in the top 6 cm of the 
sediment, but sometimes deeper.   
Sediment cores were collected from Sky Lake and the Biological Field Station using 
plastic core liners (PVC 2” x 36”) purchased from AMS, Inc (Fig. 26).  Holes were drilled every 
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1-cm down the length of each tube to allow enriched isotopic tracers (Me
199
Hg
+
 and 
200
Hg
2+
) to 
be injected throughout the sediment core for the tracer study.  The holes were filled with clear 
waterproof silicone.  Two (duplicate) sediment cores were taken at each sample site.  For the 
sorbent amendment study, bulk sediment was collected from the top 2 cm at the Whirlpool Trail 
study sites. 
Both 
199
MeHg
+
 and 
200
Hg
2+
 tracers were then injected through the silicone plugs into the 
sediment cores, and the cores were incubated in situ for at least 2 hours.   The cores were then 
taken back to the lab where they were processed as follows.  A modified wood extruder was used 
to extrude the cores onto a plastic cutting board.  Next a stainless steel knife was used to section 
the top 6 cm of the core and to divide the top 6 cm into 0-2, 2-4, and 4-6 cm sections.  The 
samples were then stored overnight in a -80 
o
C freezer and subsequently lyophilized for 5 days. 
 
Figure 26. A fully loaded sample core from the biological research station. 
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Standards, reference materials, sediment amendment materials 
Enriched isotopes of 
199
HgO, 
200
HgO, and 
201
HgO were purchased from Oak Ridge 
National Laboratories (ORNL) (Oak Ridge, Tennessee,U.S.A) and dissolved in 10% optima 
grade nitric acid.  Enriched stable isotopes of MeHg were subsequently synthesized using the 
methylcobalamine method.
27
 
All other reagents used were reagent grade.  For reference materials, we used DORM-3 
(dogfish muscle) for HgT, and CC-580 (Estuarine Sediment) for MeHg.  DORM-3 was obtained 
from the National Research Council of Canada (Ottawa), and CC-580 was obtained from the 
European Commission Institute for Reference Materials and Measurements (IRMM) Geel 
Belgium Ultrapure water (>18 ΜΩ cm-1) was obtained from a Barnstead Nanopure Diamond 
system.    
Activated carbon prepared from coconut shells (Sargent-Welch, 8-12 mesh) and 
pinewood biochar gasified at ~830°C was obtained from Mississippi State University and used 
as amendments in this experiment.  The amendments were crushed/ground with a mortar and 
pestle, the particles were then sieved and only particles ranging in the 250-500 µm range were 
used.  To drive off surface-bound mercury and to lower background, both amendments were also 
“heat cleaned” in a vacuum oven at 170°C, and -675 mbar gauge pressure for 24 hours and 
stored in plastic bags prior to use.  The humus/manure amendment material was purchased from 
a local garden store.  
Sample spiking 
Stable isotope spike solutions of 
200
Hg
2+
 and 
199
CH3Hg
+
 were prepared at concentrations 
ranging from ~10-100 % of ambient concentrations by diluting the standard with bottom water 
from the site.  The mixture was left to equilibrate for an hour prior to usage to attain natural 
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conditions/speciation.
28
  Approximately 0.2 ml of spike solution was injected into each 1 cm 
increment down to approximately 20 cm (Fig. 27).   
 
Figure 27.  Injecting mercury tracer isotopes into a sediment core at the UM biological 
research station. 
 
Amending sediments with sorbents and humic material  
To study the effect of activated carbon, biochar, and humic material on Hg methylation 
rates,  about 95 g of sediment from the Whirlpool trails pond site was weighed into HCl acid 
washed amber jars, and mixed with approximately 5 g of sorbent material (activated carbon or 
biochar) making a ~5% amendment (dry-weight basis).  For the humic material study, about 80 g 
of sediment from the Whirlpool trails pond site was weighed into 6 HCl acid washed amber jars; 
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to half of these humic material (from a local garden center) was added at 5% by dry weight. 
Then the samples were grouped into four categories: (1) no amendments, (2) autoclaved, (3) 
biochar amendment, (4) activated carbon amendment, and (5) humic material amendment.   
Samples were spiked with Me
199
Hg
+
 and 
200
Hg
2+
 containing 10-100% of the ambient 
levels of MeHg
+
 and Hg
2+
 in the sample.  Spiked samples were homogenized by mixing with a 
plastic spatula.  Samples were placed into a 25 
o
C vacuum oven (Fig. 28), where the air was 
replaced with nitrogen gas to make an inert environment. The oven was set to 25°C.  Autoclaved 
samples were covered with aluminum foil and heat treated at 121 
o
C for 20 minutes, allowed to 
rest for 24 hours, then autoclaved again.  The samples were allowed to incubate under anaerobic 
conditions for two weeks.  The samples were then cooled in a -80 
o
C freezer for 24 hours.  
Afterwards, the samples were lyophilized at 0°C and 0.420 mBar absolute pressure with a 
collector temperature of -54°C for seven days.  The freeze-dried samples were then stored in a 
freezer.   
 
Figure 28.  Sediment samples being incubated under anaerobic conditions (N2 purged). 
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Extracting and isolating MeHg from the sediment   
 Before distillation all equipment used was acid washed in a 15 % HCl bath, rinsed with 
Ultrapure water, and dried under a laminar flow hood.  The acetate buffer and 1% sodium 
tetraethyl-borate were prepared according to EPA Method 1630.
29
  The sediment extraction and 
distillation procedure is based off of Method 1630
29
  and is summarized below. 
1. Place the distillation tube on the analytical balance and tare the balance. 
2. Transfer ~ 0.5 g of sediments, for the reference material (CC580) weigh ~ 0.1 g. 
3. Add ~ 0.05 g of the enriched spike of CH3
201
Hg
+ 
(29.02 ng/g).  Weigh this spike for each 
sample. 
4. Add 25 g of Ultrapure water (>18 ΜΩ cm-1), 0.5 mL of 20% KCl, and 1 ml of 50% 
H2SO4.   
5. Add ~ 5 g of Ultrapure water (>18 ΜΩ cm-1), to the 30 mL receiving vials and place 
them in ice.   
6. Make appropriate gas connections as shown in Figure 29 and set the N2(g) gas flow 
should be set to ~ 80 mL/min for each flow meter. Each vessel should have N2(g) 
bubbling through them.  Set the hot-block temperature to 120 
o
C.   
7. The distillation (Fig.31) takes between 4-6 hours for completion.  Cap the receiving 
vessels when they contain ~20-25 ml of solution.   
8. Transfer out ~ 0.5 g of the distillate (~0.1 g CC 580) into a brown amber vial.  Next 
pipette 225 μL of acetate buffer, and top it off with DI H2O to ~ 30 g. 
9. The final step is the most time sensitive step.  The addition of NaBEt4 is used as an 
ethylating agent and is a very volatile compound.  This step must be done in the hood.  
61 
 
When adding NaBEt4 only 3 samples can completed at a time.  Uncap three samples that 
will be ethylated.  Next take out the NaBEt4 from the freezer.  Warm it up in your hand 
and then quickly pipette 30 μL of this solution into each sample container.  Quickly close 
the NaBET4 solution and next cap the samples.  Make sure the caps are on tight and 
shake the sample in your hand.  Place the samples back in the rack and repeat this step as 
necessitated. 
 
Figure 29:  Distillation setup used showing flow meters, hotblock containing 
digestion/distillation vessels, and receiving vials in an ice bath. 
 
Determination of MeHg species in sediments by GC-ICP-MS 
To determine the amount of MeHg in the sediments, GC-ICP-MS was utilized as 
described by Lambertsson. 
30
  Briefly a GC column from a purge and trap Tekran 2700 
Methylmercury analyzer was used for the separation of the different species of mercury.  The 
62 
 
effluent coming from the atomic fluorescence cell of the Tekran 2700 is then coupled via a 
Teflon line to the sample injector to the ICP-MS.  The isotopes of mercury are then detected by 
the electron multiplier.  Prior to analysis, the solution is ethylated such that all mercury 
compounds become volatilized although Hg
0
 is volatile in itself.   The mercuric ion becomes 
diethyl mercury, and MeHg becomes methyl ethyl mercury. 
The mercury species are separated out by the GC that is contained in the Tekran 2700.  
Next the mercury species flow through the atomic fluorescence detector, and then are introduced 
into the plasma of the ICP-MS.  This technique provides excellent separation a typical GC-ICP-
MS chromatogram is shown in Figure 30.  Each data point on the on the chromatogram is a mass 
spectrum that was generated from the ICP-MS.  The chromatogram shows that when Me
201
Hg is 
spiked into a sample mixture that the resulting ratios of 201/202 Hg are changed to 3.40.  The 
naturally occurring ratio of 201/202 is 0.44.
31
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Figure 30. GC-ICP-MS chromatogram showing isotope ratios for Hg species: Hg
+2
 with 
natural abundance (peak ~185 s) and an enriched isotope 
201
MeHg spike (peak ~115 s).  
 
Determination of total mercury in sediments by DMA-ICP-MS 
Total Hg concentrations in sediment were determined by DMA-ICP-MS as described in 
Bussan et al.
32
 (see Chapter 2).  Briefly, sample boats were cleaned prior to use by running the 
boats as blanks in the DMA.  Concentrations were calculated using the single spike isotope 
dilution equation using 
201
Hg
2+
 and 
201
CH3Hg
+1
 (Equation 1).
33
  Ambient MeHg concentrations 
in the sediment were also determined by GC-ICP-MS using the same equation.  
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    (Eqn. 1) 
The abbreviations of the constants are listed below: 
 
Determination of Hg Methylation and MeHg demethylation rates 
Mercury methylation and demethylation rates were determined following  Hintelmann et 
al.
28,34
  To determine the amount of methylated and demethylated mercury at least three isotopes 
of Hg need to be monitored.  One isotope represents the newly produced MeHg from the added 
inorganic Hg tracer (
200
Hg in this study); another represents the demethylation of the added 
MeHg tracer (Me
199
Hg); and the third represents changes in the MeHg concentrations derived 
from the Hg originally present in the sample (e.g. 
202
Hg).
3
   
Net production of methylation is represented by Equation 2. 
  (Eqn. 2) 
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Where:  [CH3
X
Hg
+
] = concentration of CH3
X
Hg
+
 newly generated from the 
X
Hg
2+
 tracer 
(in ng/g), km = specific methylation rate constant (in d
-1
), [
X
Hg
2+
] = concentration of added 
X
Hg
2+
 
(in ng/g), kd = specific demethylation rate constant (in d
-1
), and t = incubation time (in days). 
By having a large excess of 
X
Hg
2+
 we can solve for the specific methylation constant 
assuming a pseudo-first order reaction; Equation 2 then becomes: 
       (Eqn. 3) 
Likewise, when CH3
199
Hg
+
 is spiked to the sediment, the 
200
Hg
2+
 from the demethylation 
is negligible, and equation 2 reduces down to: 
    (Eqn. 4) 
Equation 4 is integrated to yield equation 5, which can then be used to determine the 
demethylation rate constant (kd). 
    (Eqn. 5) 
Instrumental Parameters 
The DMA-ICP-MS instrumental parameters used in this study are given in Table 5. 
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Table 5. DMA-ICP-MS Instrumental Parameters 
 
Water quality parameters 
Water quality parameters were measured with a portable YSI Professional Plus meter. 
Dissolved oxygen (DO) (mg L
-1
), pH, total dissolved solids (TDS) (mg L
-1
), oxidation reduction 
potential (ORP) (mV), and temperature (
o
C) were measured.  Total suspended solids (TSS) (mg 
L
-1
) was measured using a portable suspended solids analyzer (InsitelG, model 3150).  Sulfide 
(S
2-
) (mV) was measured with a Orion Silver/Sulfide Ion Selective Electrode using Pb(ClO4)2 as 
the titrant.  Loss on ignition (LOI) was calculated using a previous known relationship between 
LOI and total carbon.
35
 
 
 
DMA Parameters
Gas flow 200 mL min
-1
Drying 200 
o
C for 60 s
Decomposition 650 
o
C for 180 s
Purge 1 60 s
Amalgamator heat ~850 
o
C for 12 s
Purge 2 45 s
Tekran 2700 Parameters
Gas flow 45 ml min
-1
Pyrolyzer 750 oC
GC Oven 75-200 
o
C
Cool gas flow 16 L min
-1
Aux. gas flow 1.03 L min
-1
Sample gas flow 1.05 L min
-1
RF power 1280 W
Isotopes  
201
Hg,
 202
Hg
Resolution Low
Mass Window 5%
Points per peak 100
Plasma Parameters
ICP-MS Data Acquisition Parameters
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Statistical analysis 
Statistical evaluation was done using STAT PLUS 2009 software.
36
  Data was evaluated 
for correlations using the Pearson Linear correlation test.  In addition, p-values or observed 
significance values were calculated for the different parameters measured.  A p-value < 0.05 is 
considered to be of statistical significance.  Univariate Analysis of variance (ANOVA) with post 
Huc-Tukey HSD test was also used as a statistical test to test for differences among groups based 
on a set of dependent variables.   
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RESULTS AND DISCUSSION 
 
A summary of Hg methylation and demethylation rates and ancillary data is given in 
Table 6.  Additional tables of methylation and demethylation rates, for Sky Lake and the 
Biological Research Station are presented in the appendix (Table 11).  Results are discussed in 
the subsections below. 
Sediment Total Mercury and Methylmercury Content 
Sediment total-Hg on a dry weight basis ranged from 12.5 ng g
-1
 to 189.0 ng g
-1
 at the 
open water site, and from 20.0 ng g
-1
 to 121.6 ng g
-1
 at the swamp water site.  Sediment 
methylmercury ranged from 0.36 ng g
-1
 to 1.34 ng g
-1
 at the open water site, and ranged from 
0.43 ng g
-1
 to 1.43 ng g
-1
 at the swamp water site.   
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Table 6. Sediment mercury methylation and demethylation rates and ancillary data from 
Sky Lake and UM’s Biological Field Station (n=3; ± 1 SD) 
 
Mercury Methylation Rates By Season and Temperature 
 Mercury methylation rates were lowest in the winter and highest in the summer for open 
water (Fig. 31).  This is likely related to higher microbial activity with higher temperatures. 
Indeed, Hg methylation rates and temperature were correlated (r=0.76, p=0.034) despite the 
relatively low Km in the summer for the swamp (Figs. 31 and 33).  There was a temperature 
difference between the open water and swamp water sites in the summer and fall (Fig. 32).  The 
water in the swamp is “cooled” by foliage cover from a large number of trees.  It is worth noting 
that others have also found that higher temperatures increase sediment microbial activity.
37,38
     
Season Location Km(day
-1) Kd(day-1) Net Km/Kd
Summer 0.054 ± 0.019
Fall 0.033 ± 0.011 6.08 ± 4.70 0.005
Winter 0.012 ± 0.003 1.26 ± 1.09 0.009
Spring 0.033 ± 0.003
Summer 0.019 ± 0.004
Fall 0.018 ± 0.005 4.63 ± 0.507 0.004
Winter 0.013 ± 0.003 1.84 ± 0.776 0.007
Spring 0.034 ± 0.004
Spring BRS 0.12 ± 0.072
Season Location total-Hg(ng/g) MeHg(ng/g) MeHg(pg/g) water LOI
Summer 189 ± 22.7 0.7 1 ± 0.40
Fall 113.8 ± 6.1 0.98 ± 0.13
Winter 67.8 ± 37.6 1.34 ± 0.39 7.41 ± 0.83
Spring 12.5 ± 0.8 0.36 ± 0.08
Summer 121.6 ± 13.2 0.43 ± 0.16
Fall 116.9 ± 18.1 1.05 ± 0.49
Winter 94.8 ± 12.8 1.43 ± 0.49 5.93 ± 0.87
Spring 20.0 ± 1.0 0.44 ± 0.06
Spring BRS 3.7  ± 1.7 0.33 ± 0.02
OW: Open Water, S: Swamp, BRS: Biological Research Station
OW
S
14.7 ± 1.8
14.5  ± 4.3
OW
S
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Figure 31.  Mercury methylation rates in Sky Lake by season (2014-2015). 
 
 
Figure 32.  Water temperatures at Sky Lake open water and swamp sites during sampling. 
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Methylation rates were also generally higher in the open water sites compared to the 
swamp sites, except in winter and spring where they were nearly identical.   
 
Figure 33.  Hg methylation rate vs. temperature.  If the anomalous data point at 22
o
C is 
removed, the r
2
 value increases to 0.90.  
 
The demethylation rates increased as temperature increased (Figure 34).  Demethylation 
can occur through both oxidative and reductive processes.  The end products are what defines the 
type of process that happens either CO2 (oxidative demethylation) or CH4 (reductive 
demethylation).  Marvin-Dipasquale et al. found that reductive demethylation occurs in highly 
contaminated sediments as a detoxification process and are performed by bacteria containing the 
mer-operon.
39-42
  The microbes in the biotic reaction are able to cleave the methyl group from 
MeHg resulting in CH4 and Hg
2+
 products using the enzyme organomercuriallyase.
43
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Figure 34. MeHg demethylation rate vs. temperature. 
 
Relationship between mercury methylation rates and ancillary data 
A Pearson’s correlation matrix on swamp and open water sites revealed the relationship 
between Km, Hg, MeHg, and ancillary data (Table 8).  As noted, temperature was highest during 
the summer months (29.3 
o
C, Open water) and (22.4 
o
C, Swamp water) and correlated positively 
with Km rate values (r=0.76,  p=0.034).  There was also a positive correlation between pH vs 
MeHg (r=0.80, p=0.03), and a negative correlation between pH vs Km rate values (r=-0.36, 
p=0.65).   
Xun et al. observed that a decrease in pH would result in specific rates of Hg methylation 
to increase.
44
   Xun hypothesized that an increase in methylation at a lower pH could be due to 
higher uptake of Hg
+2
 by the methylating bacteria.  The process of Hg uptake differs between 
species of microorganism, meaning that one species incorporates Hg primarily by passive 
diffusion, while another species by facilitated  diffusion.
44,45
   
y = 0.7325x - 3.288 
R² = 0.9692 
p-value  0.016 
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Table 7. Water quality parameters for Sky Lake open water and swamp during sampling. 
 
Table 8. Pearson’s correlation matrix for water quality parameters measured in seasonal 
trends for Sky Lake Mississippi; Open Water, and Swamp sites.  Correlations with p-
values < 0.05 are shown in yellow. 
 
 
Comparison of mercury methylation rates with literature values  
The values for Km (day
-1
) for this study generally overlap the range found in previous 
studies at other locations, they also tend to be on the higher side, with mean rates higher than 
those found in northern Ontario, in the northwest Atlantic Ocean, and in the east Atlantic Ocean 
Season Location Temp (
oC) DO (mg/L) TDS (mg/L) ORP (mV) pH TSS (mg/L) Cond (us/cm) Sulfide (µM)
Summer 29.3 10.6 147.8 65.9 5.9 89.3 246.6
Fall 13.2 10.5 181.7 120.0 7.2 169.0 216.7 3.2
Winter 6.7 5.9 157.5 -265.7 6.6 125.0 156.8
Spring 13.5 6.6 113.9 -282.4 5.4 118.7 136.9
Summer 22.4 0.7 92.1 66.4 5.3 50.3 134.6
Fall 10.1 2.9 221.7 134.9 6.8 81.7 245.3 21.4
Winter 6.8 7.3 101.2 -258.8 6.6 27.0 100.7
Spring 14.2 6.6 101.6 -295.5 43.0 123.8
Spring BRS 18.5 11.0 51.8 -346.5 5.8 23.0 69.4
OW
S
OW: Open Water; S= Swamp; BRS= Biological Research Station
                               Km (day-1)                      Temp (oC)                      DO (mg/L) TDS (mg/L) ORP (mV)
Km(day-1)                      1.00                                                                                                                           
Temp (oC)                      0.76 1.00                                                                                            
DO (mg/L)                      0.65 0.13 1.00                                                             
TDS (mg/L)                     0.06 -0.21 0.14 1.00                                
ORP (mV)                       0.34 0.52 -0.06 0.51 1.00
TSS (mg/L)                     0.33 -0.09 0.48 0.50 0.11
Cond(µs/cm)                    0.55 0.38 0.30 0.82 0.75
THg(ng/g)                      0.44 0.65 0.21 0.23 0.73
MeHg(ng/g)                     -0.51 -0.67 0.20 0.32 -0.23
pH                             -0.23 -0.56 0.38 0.71 0.19
TSS (mg/L) Cond (µs/com) THg (ng/g) MeHg (ng/g) pH
TSS (mg/L)                     1.00                                                                                              
Cond (µs/cm)                    0.42 1.00                                                               
THg (ng/g)                      -0.22 0.61 1.00                                
MeHg (ng/g)                     -0.08 -0.05 0.05 1.00
pH                             0.35 0.37 0.14 0.80 1.00
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(Fig. 35, Appendix Table 12).   As explained previously temperature plays an important role in 
the methylation process.  The samples from this study were obtained in the southeast US, where 
the climate is warmer than the other study sites.     
 
Figure 35. Methylation rates from this study (bars labelled swamp and open water) 
compared to literature values from northern Ontario
34
, northwest Atlantic
46
, Chesapeake 
Bay
47
, and East Atlantic
3
. 
 
 
Effect of biochar, activated carbon, and humus/manure on Hg methylation 
rates in sediments   
Autoclaving had the greatest impact of lowering the methylation rate.  Autoclaving is a 
process of using a pressure chamber commonly used to sterilize equipment, medical supplies, 
75 
 
and, in this study, sediments by subjecting them to high pressure saturated steam at around ~121 
o
C for 15-20 minutes.
48
  The autoclaved sediments were used as a control since most of the 
methylation of mercury in sediments is thought to occur biologically, and autoclaving kills 
microbes including Hg-methylators. Both the biochar and the activated carbon amendments were 
able to reduce Hg methylation rates (Figs. 36 and 37).     
Biochar had a slightly lower methylation rate (4.5E-04 day
-1
) compared to the activated 
carbon amendment of (7.4E-04day
-1
).  Biochar would be a better amendment to use not only 
because biochar has the lower methylation rate, but also biochar is much cheaper to manufacture 
since biochar requires a lower temperature, and no chemicals are used for the activation process. 
A one-way analysis of variance (ANOVA) with post-hoc Tukey HSD test revealed that the 
autoclaved, biochar, and activated carbon groups were significantly different from the no 
amendments group (p<0.01).  The amendments yielded statistically different methylation rates 
from one another except the autoclaved vs. biochar group (Table 9).   
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Amendment 
No amendments Autoclaved Biochar Activated Carbon
k
(m
) 
d
a
y
-1
0.0000
0.0005
0.0010
0.0015
0.0020
0.0025
0.0030
0.0035
0.0040
 
Figure 36. Observed mercury methylation rates for each amendment treatment.  Error 
bars represent 1 SD, n=4 per amendment except biochar, n=3. 
 
Table 9. One-way ANOVA with post-hoc Tukey HSD test. 
 
 It is important to note that the nature of our study does not allow us to be certain that the 
actual methylation rate was decreased by the given amendments.  What this study has shown is 
that the amount of available methylmercury decreased, but it is possible that available Hg
2+
 
adsorbed to the amendment material before methylation and/or the methylmercury adsorbed to 
Treatments pair Tukey HSD p-value Tukey HSD interfence
No Amendments vs Autoclaved 0.0010053 p<0.01
No Amendments vs Activated Carbon 0.0010053 p<0.01
No Amendments vs Biochar 0.0010053 p<0.01
Autoclaved vs Activated Carbon 0.0010053 p<0.01
Autoclaved vs Biochar 0.0822676 insignificant
Activated Carbon vs Biochar 0.0086417 p<0.01
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the amendment material after methylation.  Previous research has shown both biochar and 
activated carbon to be effective for binding methylmercury.
13
  For this reason the results shown 
in figure 36 may not reflect an actual decrease in methylation rates since it was not known how 
much Hg
2+
 or MeHg
+ 
adsorbed to the amendment material, though it has the net effect of 
decreasing Hg methylation rates.  Another possibility is the addition of biochar or activated 
carbon with their own set of microbes, altered the activity of the microbes responsible for 
methylation, which would account for the reduced methylation rates observed in this study.      
Thus a better representation of the results of this study would be to show the amount of 
methylmercury that was able to be recovered from the mixture (Fig. 37 and Table 10). Biochar 
was able to reduce the amount of available methylmercury by 89% while activated carbon 
reduced the amount of methylmercury by 83%. 
 
Figure 37. Methylmercury recovered for each treatment (Error bars represent 1 SD) 
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Table 10.  Available methylmercury rate summary table. 
 
 
Lastly the effect of humus/manure was observed on sediment materials obtained from 
Whirpool trails.  When humus/manure is added to sediments methylation rates increase (Fig. 38).  
Humus/manure are nutrient rich containing high levels of carbon, nitrogen and phosphorus, and 
serve as electron acceptors fueling microbial respiration.
49,50
  Previous literature has also shown 
humic materials to increase the quantity of soil microbes, with increases as much as 2000 fold.
51
  
With increased microbial activity more Hg
2+
 can be converted into MeHg
+
 resulting in a net 
increase in mercury methylation in sediments. 
 
Amendment
Total 
200
Hg 
(nmol/g)
Me
200
Hg
+
 Available 
(nmol/g)
% Me
200
Hg km(day)
-1
None 0.186 0.00922 4.97 3.86E-03
Autoclaved 0.159 0.00068 0.43 3.08E-04
Biochar 0.161 0.00102 0.63 4.59E-04
Activated Carbon 0.152 0.00156 1.03 7.43E-04
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Figure 38. Observed mercury methylation rates for untreated and treated sediments with 
humus/manure.  Error bars represent 1 SD, n=3 per amendment. 
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CONCLUSIONS 
 
The processes that drive Hg methylation and MeHg demethylation in wetland sediments 
are complex. This work measured Hg methylation potentials in an ancient cypress wetland for 
the first time.  It was shown temperature to be a major factor, with a net increase in Hg 
methylation rate with higher temperatures.  For Sky Lake, Hg methylation rates ranged from 
0.012 to 0.054 day
-1
, with the methylation rates highest in the summer and spring.  Rates also 
tended to be higher in the open water then in the swamp areas.  This work has also shown the 
effectiveness of using sorbent materials such as biochar and activated carbon as possible 
amendment materials to lower mercury methylation.  For sediments under experimental 
conditions biochar reduced the amount of available methylmercury by 89% while activated 
carbon reduced available methylmercury by 83%.   
Future studies should examine specific microbe communities that are associated with Hg 
methylation/demethylation processes.  Regarding the amendment studies, future work should 
include investigating the mechanism for the apparent decrease in Hg methylation rates for 
activated carbon and biochar, i.e., is the actual rate decreasing or is the newly formed MeHg 
being adsorbed on the materials.   
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APPENDIX 
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Table 11.  Methylation and demethylation rates from Sky Lake Mississippi and water quality measurements (OW= Open 
Water, S=Swamp, BRS=Biological Research Station). 
 
 
 
Season Location Km(day
-1) Kd(day-1) Net Km/Kd Temp (
oC) DO (mg/L) TDS (mg/L) ORP (mV) pH TSS (mg/L) Cond(us/cm) Sulfide µM
Summer 0.054 ± 0.019 29.3 10.6 147.8 65.9 5.9 89.3 246.6
Fall 0.033 ± 0.011 6.08 ± 4.70 0.005 13.2 10.5 181.7 120.0 7.2 169.0 216.7 3.2
Winter 0.012 ± 0.003 1.26 ± 1.09 0.009 6.7 5.9 157.5 -265.7 6.6 125.0 156.8
Spring 0.033 ± 0.003 13.5 6.6 113.9 -282.4 5.4 118.7 136.9
Season
Summer 0.019 ± 0.004 22.4 0.7 92.1 66.4 5.3 50.3 134.6
Fall 0.018 ± 0.005 4.63 ± 0.507 0.004 10.1 2.9 221.7 134.9 6.8 81.7 245.3 21.4
Winter 0.013 ± 0.003 1.84 ± 0.776 0.007 6.8 7.3 101.2 -258.8 6.6 27.0 100.7
Spring 0.034 ± 0.004 14.2 6.6 101.6 -295.5 43.0 123.8
Spring BRS 0.12 ± 0.072 18.5 11.0 51.8 -346.5 5.8 23.0 69.4
OW
S
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Table 12. Comparison of Sky Lake Hg methylation rates with literature values. 
 
Site Reference
Sky Lake Swamp This Study
Sky Lake Open Water This Study
Northern Ontario 31
Nortwestern Atlantic 38
Chesapeake Bay 39
Eastern Atlantic 1
0.002 - 0.0034
0.001 - 0.06
0.0015 - 0.0336
Range
0.013 - 0.034
0.012 - 0.054
0.001 - 0.016
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CHAPTER FOUR 
 
SPATIAL DISTRIBUTION OF TRACE ELEMENTS AND 
ANTHROPOGENIC ORGANIC COMPOUNDS IN THE MISSISSIPPI 
RIVER AND MAJOR TRIBUTARIES DURING 2012-2013 
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ABSTRACT 
 
The Mississippi River drainage basin covers about 41% of the contiguous United States 
and includes the Illinois, Missouri, Ohio, Tennessee, and Arkansas rivers as major tributaries.  
The rivers drain areas with different physiography, population centers, and land use/cover, with 
each contributing a different suite of trace elements (including toxic heavy metals) and 
wastewater contaminants (e.g. pharmaceuticals, hormones, nutrients) that can affect water 
quality.  In July 2012, we determined 18 elements (Be, Rb, Sr, Cd, Cs, Ba, Tl, Pb, Mg, Al, V, Cr, 
Mn, Fe, Co, Ni, Cu, Zn), chlorophyll-a (Chl-a), and pH in the 5 major tributaries and in the upper 
Mississippi River.  The following summer we determined the same elements, along with Li, Na, 
Ca, Ga, Ag, and U, and a range of wastewater contaminants, including endocrine disrupting 
chemicals, at 18 sites in a longitudinal study of the main stem of the Mississippi River from 
Grafton, Illinois to Natchez, Mississippi.  Trace metals were below US EPA’s maximum 
contamination level for surface water.  Multivariate statistics (PCA and ANOVA) demonstrate 
that river water can be identified based on trace elements and water quality data.  For trace 
organic contaminants, we detected naproxen, Tris(2-cholroethyl) phosphate (TCPP), 
Perfluorooctanoic acid (PFOA), ibuprofen, gemfibrozil, triclocarban, triclosan, 
Perfluorooctanesulfonic acid (PFOS), dexamethasone, carbamezapine, Perfluorohexanoic acid 
(PFHxA), fluoxentine, atenolol, caffeine, primidone, and simazine at multiple sites in the 
Mississippi River.  Atrazine was highest in the Illinois and Yazoo rivers (673 and 571 ng L
-1
) 
which drain agriculturally intensive areas.     
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INTRODUCTION 
 
The Mississippi River drains ~41% of the area of the contiguous United States into the 
northern Gulf of Mexico near New Orleans and ranks as the longest river in the nation.  The 
Mississippi River Basin (MRB) encompasses 3,224,535 km
2
, and includes 31 states, and two 
Canadian provinces.
1
  The dividing line between the upper and lower Mississippi River is 
generally accepted to occur at the confluence of the Mississippi and Ohio rivers, where the 
volume of water approximately doubles.  There are six Mississippi River sub-basins: the Upper 
Mississippi, Ohio, Missouri, Tennessee, Arkansas-Red-White, and the Lower Mississippi.  Each 
watershed varies substantially in physiography, population density, and land use/cover.  For 
example, there is intensive agriculture within the Missouri, Illinois, and lower Mississippi River 
sub-basins, whereas the Ohio River sub-basin has more industry.  Consequently, the major 
tributaries have different physical-chemical characteristics.  For instance, the Missouri watershed 
yields the highest load of suspended sediments, whereas the Upper Mississippi has the largest 
total nitrogen load and yield.
2
  The runoff from all these watersheds can affect water quality, not 
only in the Mississippi River, but at its terminus in the Gulf of Mexico, a prime example being 
the hypoxia that sets up annually near the mouth of the Mississippi River due to an influx of 
nutrients.  The poor water quality not only impacts fish and wildlife, but can have major 
economic impacts for residents the Gulf Coast.
3,4
   Linkages between land use/cover and water 
quality in the MRB have been well-documented, except for trace elements.  
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Current information on trace elements in the Mississippi River system is limited, with the 
last large-scale study occurring nearly a quarter of a century ago.
5
  The levels of trace metals in 
rivers can provide information on the state of the environment and development over large 
areas.
5
  Data for trace elements in large-river basins is also needed to evaluate the impact of 
changing climate and land-use, however data over broad spatial scales is often lacking.
6
  Trace 
elements can also be used as indicators of anthropogenic impacts.  Uranium, Co and Cu have 
been found to be elevated in groundwater underneath agricultural areas.
7
  Whereas certain trace 
elements, such as B, Cu, Fe, Mn, Mo, Zn are essential for plants and animals,
8,9
 others, such as 
As, Cr, Se, and Pb have the potential to be toxic even at low concentrations.
5
   
Pharmaceuticals and personal care products (PPCPs) are another important class of 
pollutants where there is a lack of information for the Mississippi River system, particularly on a 
broad spatial scale.  PPCPs are a diverse class of compounds, many of which are endocrine 
disrupting compounds (EDCs), whose presence as trace xenobiotics in aquatic systems has 
become evident due in large part to improving analytical methods.
10-12
  Concentrations of PPCPs 
in natural waters tend to be high near wastewater treatment plant discharges because these 
facilities were generally not designed to handle PPCPs.
13
  Although many of the compounds 
have a relatively short half-life in the environment, their near continual discharge replenishes 
them and effectively increases their impact.
14
  PPCPs pose multiple risks to both the aquatic 
biotic community and humans that depend on these sources of water.
15
  There are a number of 
examples where fish communities have been feminized by EDCs, such as 17β-estradiol (a 
natural estrogen present in urine) and ethinyl estradiol (an ingredient in birth control pills), at 
concentrations as low as several ng L
-1
.
16,17
  In another study, three representative PPCPs, 
ciprofloxacin (an antibiotic), triclosan (an antimicrobial agent), and tergitol NP 10 (a surfactant), 
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were found to shift the community structure of natural freshwater algae assemblages.
18
  Other 
concerns about the presence of PPCPs in natural waters include bacteria becoming resistant to 
antimicrobial drugs, especially in a waterbody used for drinking water.
19,20
  
Information on PPCPs in the Mississippi River is limited.  Boyd et al. examined nine 
different PPCPs and EDCs in stormwater canals of New Orleans, Louisiana, as well as in 
surrounding bayou waters.
21
 The authors found measureable concentrations of naproxen, 
ibuprofen, triclosan, and bisphenol A in two stormwater canals and detectable concentrations of 
naproxen and bisphenol A in bayou waters.  However, there has been no large-scale study on 
PPCPs in the Mississippi River system.  Surprisingly, the last large-scale study of pesticides and 
related organic contaminants in the agricultural-intensive MRB was conducted in the 1990’s by 
the U.S. Geological Survey (USGS).
22
  The purpose of that USGS study was (1) to validate 
analytical methods for the determination of pesticides and selected organic compounds in the 
dissolved phase of the water, and (2) to determine the mass transport of pesticides and organic 
contaminants over the entire navigable reach of the Mississippi River.  The USGS found the 
triazine herbicide, Atrazine near the mouth of the Kaskaskia River on July 28, 1991, at a 
concentration of 4,700 ng L
-1
.  This was below the MCL of 37,000 ng L
-1
 set by the EPA and 
would equal an additional 3 kilograms per day into the Mississippi River. The USGS also 
measured alachlor at a concentration of 900 ng L
-1
  in the Mississippi River at Thebes, Illinois, 
on May 22, 1988. 
The objectives of the present study were to (1) determine the current levels and spatial 
distribution of a wide range of trace elements and heavy metals, as well as organic waste 
contaminants, including select PPCPs, hormones, and pesticides, along a large transect of the 
Mississippi River and in its major tributaries, (2) identify the natural and/or anthropogenic 
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sources of the trace elements, heavy metals and organic wastewater contaminants, and (3) 
compare our data with earlier studies that have measured the elements and chemical species in 
the river system.   
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MATERIALS AND METHODS 
 
Sampling the Mississippi River and its tributaries 
Sampling was described in a previous report examining the spatial distribution and 
ecological interactions of aquatic microorganisms in the Mississippi River system.
23
  Briefly, we 
collected sub-surface water samples during a 2-week sampling campaign in July 2012 from a 
total of eighteen sites from six major tributaries of the Lower Mississippi River (i.e., Upper 
Mississippi, Illinois, Missouri, Ohio, Tennessee, and Arkansas rivers) (Table 13).  A second 
sampling campaign was conducted the following year along a longitudinal transect in the lower 
Mississippi River from Grafton, Illinois to Natchez, Mississippi (Fig.39).   
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Table 13. Locations on the Mississippi River and major tributaries where water was 
collected during 2012 and 2013 
 
Nearest City River Latitude Longitude Nearest City River Latitude Longitude
Louisiana, MO 39.45 -91.045 Grafton, IL Illinois 38.965 -90.496
Hamburg, IL 39.229 -90.724 Grafton, IL 38.946 -90.475
Golden Eagle, IL 38.865 -90.568 Hartford, IL 38.828 -90.111
Hardin, IL 39.169 -90.614 Ste. Genevieve, MO 38.003 -90.047
Grafton, IL 38.966 -90.495 Cape Girardeau, MO 37.335 -89.483
New Haven, MO 38.6 91.2 Cairo, IL 37.027 -89.217
Washington, MO 38.583 -91.029 Hartford, IL Missouri 38.826 -90.134
Defiance, MO 38.657 -90.735 Cairo, IL Ohio 37.026 -89.176
Uniontown, KY 37.799 -87.916 New Madrid, MO 36.579 -89.522
Sturgis, KY 37.534 -88.07 Blytheville, AR 35.886 -89.768
Burna, KY 37.215 -88.447 Memphis, TN 35.224 -90.075
Adamsville, TN 35.149 -88.316 North Tunica, MS 34.743 -90.45
Clifton, TN 35.386 -88.006 Rosedale, MS 33.817 -91.048
New Concord, KY 36.625 -88.055 Mayersville, MS 32.9 -91.066
Hardin, KY 36.802 -88.132 Vicksburg, MS 32.347 -90.963
Moscow, AR 34.169 -91.739 Natchez, MS 31.561 -91.41
Dumas, AR 33.988 -91.363 Rosedale, MS Arkansas 33.81 -91.109
Watson, AR 33.954 -91.21 Vicksburg, MS Yazoo 32.389 -90.916
Ohio
Lower Mississippi
Tennessee
Arkansas
Year 2012 Sampling Sites Year 2013 Sampling Sites
Upper Mississippi
Upper Mississippi
Illinois
Missouri
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Figure 39. Locations of the sites on large rivers of the Mississippi River Basin that were 
sampled in 2012 (open circles) and 2013 (dark circles).  Locations of major cities and state 
boundaries are shown for reference.   
In July 2012, we sampled three sites in each of the Arkansas, Missouri, Ohio, and Upper 
Mississippi rivers; two sites in the lower portion of the Illinois River; and four sites on the 
Tennessee River: two in Kentucky Lake, a large (469 km
2
) open reservoir just before the river 
merges with the Ohio River, and two in the more upstream region.  The most downstream 
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sample sites were 25 to 50 km upstream of the confluence of the river with the larger system, and 
other sample sites were progressively 50-80 km upstream of that.  In July 2013, samples were 
collected daily approximately every 75 river miles in a downstream direction, roughly 
corresponding to the mean flow rate of the Mississippi river per day during the summer.  
Weather conditions were stable over the sampling periods with no major storm events.  We 
collected grab samples from the center of the main channel at a depth of ~0.5 m.  For trace 
elements and other water quality parameters, water was collected in mid-channel ~0.5 m below 
the surface into acid-washed polyethylene bottles.  Water pH and temperature were measured in 
the field using a YSI professional plus water quality meter.  Water samples for trace metals were 
preserved to 2% acid (v/v) with high-purity concentrated HNO3 (Optima grade; Fisher Scientific) 
after filtering through ashed 0.45 µm glass fiber filters. For organic analytes, samples were 
collected into 4 liter amber bottles and adjusted to a pH<2 by addition of concentrated HCl 
(Optima grade).  Samples were placed in a cooler containing ice and transported back to the 
laboratory where they were stored at ~5
o
C.  Samples for PPCPs were transferred to 45 mL amber 
vials and sent next-day-shipping to the laboratory of Dr. Shane Snyder at the University of 
Arizona.   
Selection and determination of trace elements 
Trace metal samples were determined by sector field inductively coupled plasma mass 
spectrometry (SF-ICPMS) using a Thermo Fisher Element-XR.  The instrument utilizes reverse 
Nier-Johnson geometry that is capable of high resolving power (m/Δm ≈ 10,000).  Sample 
introduction utilized a glass concentric nebulizer with a cyclonic spray chamber. The instrument 
was tuned prior to analysis for sensitivity and stability.  Data acquisition parameters are given in 
Table 14.   
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Table 14. ICP-MS instrumental Settings 
 
 
Typically we achieved ~1.5 million counts-per-second for 1 ng/g of 
115
In in low 
resolution mode and <4% relative standard deviation (RSD).  External calibration was used to 
quantify the elements.  Rhodium was added as an internal standard in-line using a mixing 
chamber (Trident, Glass Expansion).  In 2012, we determined 18 elements (Be, Rb, Sr, Cd, Cs, 
Ba, Tl, Pb, Mg, Al, V, Cr, Mn, Fe, Co, Ni, Cu, Zn), in the five major tributaries and in the upper 
Mississippi River.  In 2013, the same elements, along with Li, Na, Ca, Ga, Ag, and U, were 
determined at 18 sites in a longitudinal study of the main stem of the Mississippi river from 
Grafton, Illinois to Natchez, Mississippi.  Recoveries for NIST 1640a (trace elements in natural 
water) were within ±20% of certified values, except for Na, Sr, Mg, and Ca.  
 
 
cool gas flow 16 L min
-1
aux. gas flow 0.9 L min
-1
sample gas flow 1.19 L min
-1
RF power 1280 W
Resolution
9
Be, 
23
Na, 
85
Rb,
 88
Sr, 
107
Ag,
 111
Cd, 
133
Cs, 
137
Ba, 
205
Tl, 
208
Pb, 
238
U
24
Mg, 
27
Al, 
44
Ca, 
51
V, 
52
Cr, 
55
Mn, 
56
Fe, 
59
Co, 
60
Ni, 
63
Cu, 
66
Zn, 
69
Ga
mass window 20 % for LR; 150% for MR; 200% for HR
points per peak 50 for LR; 20 for MR 
scan type E-scan
integration time 10 ms
passes and runs 3 and 2
Plasma Parameters
Data Acquisition Parameters
low (LR)
medium (MR)
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Determination of Chlorophyll-a 
Chlorophyll-a was determined with a Beckman DU 530 Life Science UV/Vis 
spectrophotometer using a standard method.
24
 Briefly, 250 ml of river water was filtered through 
Whatman GF/F filters, which were subsequently extracted using 90% NH4OH-buffered acetone.  
The absorbance of released Chl-a in the extract was measured at 655 and 750 nm.  
Determination of trace organic compounds 
 Trace organic compounds (TOrCs) in the water were determined by automated online 
solid-phase extraction (SPE) coupled to liquid chromatography-tandem mass spectrometry.
25
 The 
methodology was developed to target a wide-range of (TOrCs) based on literature reports about 
the compounds occurrence, toxicological relevance, and ability to pose as “indicators” of water 
quality.
25
   Information about the target analytes and isotopes used in the study are shown in 
Table 15.  A wide range of trace organic compounds were selected for analysis based on the 
methodology   
 Briefly, samples were filtered using 0.2 µm polyethylene styrene filter prior to analysis. 
Automated pre-concentration of all samples was performed using an Agilent FlexCube SPE unit.  
During the elute phase, there is a gradient elution of the target analytes onto the analytical 
column.  The liquid chromatography was conducted using an Agilent 1290 UHPLC binary 
pump.  An Agilent Poroshell 120 EC C-18 (2.1 mm x 40 mm, 2.7 µm) column was used for 
separation of analytes.  Mass spectrometry was performed on an Agilent 6460 triple quadrupole 
mass spectrometer. The mass spectrometer was run in dynamic multiple reaction mode.  
Optimized parameters and retention times are provided elsewhere.
25
  Method reporting limits 
(MRLs) that range from 0.1 to 15 ng L
-1
.  Analytical standards were high purity (>97%) and 
purchased from Sigma-Aldrich (St. Louis, MO) or Alfa Aesar (Ward Hill, MA).        
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Table 15. Class and use of Trace Organic Compounds selected in this study with isotopes 
used for quantification. 
 
Statistical analysis 
 Multivariate statistics, including principal component analysis (PCA), univariate analysis 
of variance (ANOVA) and hierarchical cluster analysis (HCA) were used to classify and test 
significance (p<0.05) and to evaluate and interpret commonalities or differences in data sets.  
PCA was conducted using JMP 11.0 (SAS Institute; Cary, NC).  Prior to multivariate statistical 
analysis, the data was preprocessed by taking the z-scores to normalize the data. 
 
 
 
 
Compound Use Category Isotope
Atenolol β-Blocker Pharmaceutical Atenolol-d7
Carbamezapine Anti-seizure Pharmaceutical Carbamazepine-d10
Clofibric Acid Lipid regulator metabolite Pharmaceutical Bisphenol A-13C12
Diltiazem Anti-histamine Pharmaceutical Diltiazem-d3
Fluoxetine Anti-depressant Pharmaceutical Fluoxetine-d5
Gemfibrozil Anti-cholesterol Pharmaceutical Gemfibrozil-d6
Ibuprofen Analgesic Pharmaceutical Ibuprofen-d3
Meprobamate Anti-anxiety Pharmaceutical Meprobamate-d7
Naproxen Analgesic Pharmaceutical Naproxen-13C1d3
Primidone Anticonvulsant Pharmaceutical Primidone-d5
Trimethoprim Antibiotic Pharmaceutical Trimethoprim-d3
Caffeine Stimulant Personal Care Product Caffeine-13C3
N,N-Diethyl-m-toluamide (DEET) Insect repellant Personal Care Product DEET-d6
Propylparaben Preservative in cosmetics Personal Care Product Propylparaben-d4
Tris (2-chloropropyl)phosphate (TCPP) Flame retardant Personal Care Product TCPP-d12
Triclosan Anti-microbial Personal Care Product Triclosan-13C12
Perfluoro hexanoic acid (PFHxA) Fluorosurfactant Industrial compound PFHxA-13C12
Perfluoro octanoic acid (PFOA) Fluorosurfactant Industrial compound PFOA-13C4
Perfluoro octane sulfonate (PFOS) Fluorosurfactant Industrial compound PFOS-13C4
Atrazine Herbicide Pesticide Atrazine-d3
Simazine Herbicide Pesticide Simazine-d3
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RESULTS AND DISCUSSION 
Trace elements 
This section summarizes results for trace elements and ancillary data in the Mississippi 
River and its major tributaries, with additional data tables provided in the Appendix. The 
Mississippi River is a dynamic system that is in constant flux with metal concentrations 
depending, in part, on water level.
26
  In the present study, we found that six elements in 
particular (Mg, Sr, Ba, Rb, V, Ni) and chlorophyll-a exhibited differences between rivers (Fig. 
40).  For example, vanadium and nickel were highest in the Illinois and Missouri Rivers and 
lowest in the Tennessee River (Fig. 40).  These differences are also reflected in the PCA loading 
plot (Fig. 41) and ANOVA data (Table 16).  The source of the differences may be both natural 
and anthropogenic.  Trace elements, such as vanadium and nickel, are naturally released to the 
environment through the weathering of rocks and erosion of soil.
27
  Trace metal concentrations 
in the soils from the different river sub-basins vary due to different geology.  The metals can 
enter rivers through runoff containing suspended soil particles and dissolved elements leached 
from the soil.  The vanadium and nickel content of the soil in the Illinois and Missouri River 
basins is variable, but generally higher than the Tennessee basin.
28
  Anthropogenic sources of 
vanadium and nickel include fossil fuel combustion and steel production,
29,30
  with several large-
scale steel production facilities located just north of Peoria Illinois, along the Illinois River.  
Moreover, US EPA emission inventory of nickel was significantly higher in Illinois (19,500 kg) 
compared to Tennessee (14,800 kg) (vanadium data was not reported).
31
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Figure 40. Bar graphs representing mean concentrations of six metals and Chl-a in major 
tributaries of the lower Mississippi River for the 2012 sampling trip.  Error bars represent 
1 SD.  Letters above each bar indicate whether the levels are statistical different (p<0.05) 
from one another within each plot; bars that don’t share a letter are statistically different. 
Rivers are labeled as IL = Illinois; MO = Missouri; MS = upper Mississippi; OH = Ohio; 
TN = Tennessee; AR = Arkansas.  
 
Because of the large dataset, multivariate statistics was used to assess trace metal data 
and to determine whether the rivers were distinguishable based on their trace element 
fingerprints.  The PCA score-plot for the 2012 data set shows that the rivers clustered separately 
from each other with minimal overlap, except for the Ohio and Upper Mississippi Rivers (Fig. 
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41).  Least square means obtained from ANOVA supports this finding (p < 0.0001) and indicates 
that at least one of the rivers is statistically different from the other rivers. The corresponding 
loading plot shows that V, Ba, Sr, Co, and chlorophyll a are positively correlated with each other 
and are negatively correlated with Cs (principal component 1 axis).  This explains the separation 
on the PCA score plot with the Tennessee and Missouri rivers having higher concentrations of V, 
Ba, Sr, Co, and chlorophyll a, and with the Tennessee River having a higher concentration of Cu.   
Although Tl and Cr are positively correlated with each other, they are negatively 
correlated with Zn and Mn (principal component 2 axis) these differences explain the separation 
of the Arkansas and Ohio rivers (Table 16). ANOVA statistics showed that the Illinois and 
Tennessee rivers had the most variation which can also be seen in the PCA score plot.   
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Figure 41. PCA loading and score plots of the 2012 data.  The score plot ellipsoids 
represent the 95% confidence intervals. 
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Table 16. Least square means obtained from ANOVA for each element and water quality 
parameter from the different rivers. 
 
 
Chlorophyll-a 
Chl-a is used as a water quality parameter to assess algal abundance, while algal levels 
are used to evaluate nutrient loading to streams.
32,33
  The highest levels of Chl-a were found in 
the Illinois River, where concentrations ranged from 27.1 to 52.3 µg L
-1
, while the lowest levels 
were found in the Ohio River ranging from 10.6 to 26.6 µg L
-1
 (Fig. 40)  This is similar to levels 
measured for the state of Illinois a decade earlier, suggesting that the use of fertilizers remains 
high in this region.
34
 The high concentration of Chl-a in the Illinois River could be due to high 
production of corn, and a high usage of nitrogen and phosphorus fertilizers.
35-37
  Illinois ranked 
Be 0.07 -0.41 1.85 -0.21 -0.34 -0.82
Rb 0.48 0.41 -1.23 1.6 -1.05 -0.06
Sr 0.57 -0.04 -0.87 1.75 0 -1.06
Cd -0.71 1.75 -0.32 0.39 0.67 -0.89
Cs -0.2 -0.39 -0.4 -0.36 -0.33 1.17
Ba 0.75 0.43 -0.3 1.49 -0.48 -1.31
Tl -0.94 -0.36 -0.5 0.71 1.77 -0.6
Pb 0.4 0.37 0.19 -0.53 0.67 -0.73
Mg -0.71 1.82 0.13 1.01 -0.09 -1.17
Al -0.42 0.69 0.44 1.15 0.2 -1.38
V -0.13 1.87 0.2 0.98 -1 -0.97
Cr -0.61 -0.27 0.62 -0.11 1.47 -0.88
Mn 0.68 -0.4 -0.19 -0.41 0.32 -0.1
Fe 0.93 0.2 0.14 0.43 -0.4 -0.93
Co 0.04 2.55 -0.22 -0.42 -0.39 -0.53
Ni -0.2 2.15 0.33 0.3 -0.13 -1.29
Cu 1.62 -0.14 0.01 -0.32 -0.42 -0.6
Zn 0.2 -0.49 0.48 -0.78 -0.35 0.58
pH 0.47 0.58 -0.38 1.01 0.04 -1.15
Depth(m) -0.34 -0.56 0.16 -0.89 0.85 0.45
Temp 
o
C 0.21 2.23 -0.76 0.17 -0.04 -0.8
Chl- a -0.13 1.57 -0.52 1.23 -0.75 -0.66
Element/Water 
Quality 
Arkansas Illinois Mississippi Missouri Ohio Tennessee
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fourth in corn production in 2012 behind Iowa, Minnesota, and Nebraska, with the majority of 
the corn fields in Illinois located in and within the Illinois River basin.
38
  There remains a high 
demand for corn products, e.g. for food and ethanol, because farmers use phosphorus and 
nitrogen based fertilizers to replenish the nutrients in the fields.
39
  High amounts of nitrogen and 
phosphorus can also get into the environment from animal manure.
40-42
  
Trace Organic Compounds 
We detected naproxen, TCPP, PFOA, ibuprofen, gemfibrozil, triclocarban, triclosan, 
PFOS, dexamethasone, carbamezapine, PFHxA, fluoxentine, atenolol, caffeine, primidone, and 
simazine at multiple sites in the Mississippi River in 2013 (Appendix IV Tables 22 and 23).  
Generally levels were highest in the Illinois River and near urban centers (i.e. Memphis) and 
lowest near Natchez, MS, the furthest downriver site, likely reflecting dilution and degradation 
losses.  Some select organic waste contaminants will be discussed next. 
TCPP, a potential carcinogen commonly used as a flame retardant,
43
 was highest in the 
Illinois River (231 µg L
-1 
) downstream of Grafton, IL.  It was also high in the Lower Mississippi 
River downstream of Memphis, TN (169 µg L
-1
). The Memphis site is within 0.8 km of a 
Wastewater treatment plant (WWTP).  WWTPs are a common mechanism for TCPPs to be 
introduced into surface water.
44,45
   The Ruhr River located in western Germany which flows 
through many urban cities, Meschede, Arnsberg, Wickede, Frondenberg, Holzwickede, Iserlohn 
and Schwerte, was used as a comparison river to this site location.   TCPP concentrations on the 
Ruhr River  varied between 20 µg L
-1
 and 200 µg L
-1
, and in the effluents levels were measured 
at 50-400 µg L
-1
.
46
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Caffeine has been used an anthropogenic marker for wastewater contamination.
47
 We 
detected it at all sampling sites.  The highest levels were measured near Memphis (202 µg L
-1
) 
downstream from a wastewater treatment facility, the lowest near Natchez (8 µg L
-1
), the furthest 
down river site sampled.   
Atrazine is a commonly used triazine herbicide that is used to prevent pre and post-
emergence of broadleaf weeds in crops such as corn.  Atrazine was first registered initially in 
1958 by Ciba-Geigy, a manufacturer for weed control.  Atrazine has been used extensively in the 
United States since the early 1960’s and has been identified as a possible carcinogen, and 
endocrine disrupter.
48-51
  Atrazine was detected at all sample sites, with the highest levels found 
in the Illinois and Yazoo rivers (~700 ng L
-1
 and 230 ng L
-1
, respectively), which drain mostly 
agricultural areas.  These levels are similar to those found by Pereira et al.  two decades earlier at 
similar locations (~690 ng L
-1
 Illinois River and 230 ng L
-1 
Yazoo River), suggesting that 
atrazine use in these areas has not diminished.
22
  
DEET (N,N-Diethyl-meta-toluamide) is the most common active ingredient found in 
insect repellents, and is also used as a resin solvent and a surface plasticizer.
52,53
  DEET ranged 
from 540 µg L
-1
 near Memphis, TN to 7 µg L
-1
 near Natchez, MS.  A previous study found that 
DEET levels ranged from 5-200 µg L
-1
 along the entire length of the Mississippi river
22
  DEET is 
classified by the U.S. EPA as a Group D carcinogen meaning it is not classifiable as to human 
carcinogenicity based on insufficient data on laboratory animals and humans.  No studies have 
found evidence of DEET causing mutagenicity or of carcinogenicity in long-term oral ingestion 
studies in adult rats or mice.
54
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When comparing water samples obtained from downstream of the two biggest 
metropolitan areas (Memphis, TN, and St. Louis, MO), Memphis had ~2.5x the amount of 
TCPP, and a little over 11x the amount of DEET.  Recently, St. Louis County had a 40 million 
dollar upgrade to their sewer system, while Memphis was fined by the Federal Government in 
2012 for violating the Clean Water Act.  Memphis plans on spending 250 million dollars to 
upgrade the sewer systems in the near future. 
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CONCLUSIONS 
 
With the aid of multivariate statistical analyses we determined that major rivers in the 
Mississippi River Basin can be distinguished from each other based on trace metal profiles and 
other water quality data.  The spatial concentration and distribution of the metals in the rivers 
suggests that soil composition and land use are major contributors to the water 
chemistry. Because the last major survey of trace elements was nearly two decades ago, our 
results serve as an important update on heavy metals in these waterways.  We also detected 13 
trace organic compounds, including pharmaceuticals and endocrine disrupting 
compounds.  There is very little data on such contaminants in these major rivers and our results 
provide a baseline for future studies.  We found high concentrations of atrazine and Chl-a in 
areas with heavy agriculture.   
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Table 17. Average Trace metal concentrations and water quality data in the major tributaries of the Mississippi river during 
the summer of 2012.  All values are in ppb except Mg which is in ppm. 
 
 
 
 Element Average SD Average SD Average Std Average SD Average SD Average SD
Be 0.129 0.002 0.127 0.001 0.128 0.001 0.133 0.002 0.128 0.001 0.128 < 0.001
Rb 2.51 0.04 2.32 0.11 1.98 0.09 1.91 0.02 2.49 0.03 2.91 0.03
Sr 323 32 72 4 236 14 101 1 230 8 505 4
Cd 0.56 0.01 0.56 0.01 0.58 < 0.01 0.57 0.01 0.6 < 0.1 0.58 < 0.01
Cs 0.15 0.01 0.21 0.08 0.15 < 0.01 0.14 < 0.01 0.14 < 0.01 0.15 < 0.01
Ba 79 10 26 2 47 4 52 1 71 2 98 2
Tl 0.24 < 0.01 0.24 < 0.01 0.26 0.01 0.24 < 0.01 0.24 < 0.01 0.25 < 0.01
Pb 0.33 0.15 0.24 0.04 0.35 0.09 0.31 0.03 0.32 0.04 0.26 0.02
Mg 9.3 1.4 5 0.5 15.2 2.4 17.2 0.1 33.1 1.3 25.5 0.4
Al 13.5 7.3 4.9 1.2 19 4.6 21.2 3 23.5 8.6 27.6 2.9
V 2.7 0.6 1 < 0.1 1 0.1 3.4 0.1 6.7 < 0.1 4.9 < 0.1
Cr 0.21 0.02 0.2 0.01 0.27 0.04 0.24 0.01 0.22 0.01 0.22 < 0.01
Mn 23.36 35.37 9.59 12.05 16.93 26.16 8.06 9.53 4.31 2.06 4.02 0.58
Fe 28.85 29.36 3.6 0.47 10.85 1.45 18.18 2.3 18.87 7.1 22.04 1.54
Co 0.52 0.03 0.47 0.05 0.48 0.02 0.49 0.03 0.74 0.04 0.48 < 0.01
Ni 1.19 0.16 0.44 0.14 1.24 0.09 1.55 0.07 2.81 0.07 1.53 0.03
Cu 4.46 2.59 1.2 0.52 1.46 0.27 2.1 0.42 1.88 0.11 1.62 0.06
Zn 1.34 1.41 1.72 1.15 0.78 0.37 1.62 1.47 0.64 0.23 0.34 0.14
pH 8.01 0.59 7.39 0.23 7.85 0.22 7.69 0.16 8.05 0.03 8.21 0.06
Chl- a 22.7 3.3 14.6 9.9 13.2 12.4 16.8 2.1 48.8 4.9 43.6 7.7
Arkansas Tennessee Ohio Mississippi Illinois Missouri
River Basin
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Table 18: Trace metal concentrations and water quality data by sample site in major tributaries of the Mississippi river 
during the summer of 2012.  All values are in ppb except Mg which is in ppm. 
 
 
 
 
 
 
 
 
Nearest City River Latitude Longitude Be Rb Sr Cd Cs Ba Tl Pb Mg Al V
Moscow, AR 34.169 -91.739 0.131 2.55 300 0.56 0.16 72 0.24 0.25 8.5 20.4 3
Dumas, AR 33.988 -91.363 0.128 2.52 309 0.57 0.15 75 0.24 0.5 8.5 14.2 3.1
Watson, AR 33.954 -91.21 0.127 2.47 360 0.56 0.15 90 0.24 0.24 11 5.9 2
Adamsville, TN 35.149 -88.316 0.126 2.44 75 0.58 0.14 27 0.24 0.3 5.5 3.1 1.1
Clifton, TN 35.386 -88.006 0.126 2.4 73 0.55 0.14 28 0.24 0.23 5.3 5.7 1
New Concord, KY 36.625 -88.055 0.127 2.23 70 0.55 0.3 25 0.24 0.22 4.8 5.3 1
Hardin, KY 36.802 -88.132 0.127 2.23 68 0.55 0.27 23 0.24 0.22 4.5 5.5 1
Uniontown, KY 37.799 -87.916 0.128 2.08 245 0.59 0.15 44 0.26 0.42 12.6 23.4 0.9
Sturgis, KY 37.534 -88.07 0.128 1.96 241 0.58 0.15 52 0.26 0.25 17.4 14.2 1
Burna, KY 37.215 -88.447 0.127 1.9 219 0.58 0.15 45 0.25 0.37 15.4 19.5 1
Louisiana, MO 39.45 -91.045 0.135 1.91 100 0.58 0.14 51 0.24 0.34 17.2 17.9 3.3
Hamburg, IL 39.229 -90.724 0.133 1.9 100 0.56 0.14 52 0.24 0.27 17.2 23.6 3.4
Golden Eagle, IL 38.865 -90.568 0.131 1.93 101 0.56 0.14 52 0.24 0.32 17.3 22 3.4
Hardin, IL 39.169 -90.614 0.127 2.51 224 0.6 0.14 69 0.24 0.29 32.2 17.4 6.7
Grafton, IL 38.966 -90.495 0.128 2.47 236 0.6 0.14 72 0.24 0.36 34 29.6 6.7
New Haven, MO 38.6 -91.2 0.128 2.93 508 0.58 0.15 98 0.25 0.27 25.3 25.4 5
Washington, MO 38.583 -91.029 0.128 2.88 500 0.58 0.15 96 0.25 0.24 25.2 26.5 4.9
Defiance, MO 38.657 -90.735 0.128 2.92 508 0.58 0.15 100 0.25 0.25 26 30.9 4.9
Arkansas
Tennessee
Ohio
Mississippi
Illinois
Missouri
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Table 19: Trace metal concentrations and water quality data by sample site in major tributaries of the Mississippi river 
during the summer of 2012 trip values (continued).  All trace metal values are expressed in ppb. 
Nearest City River Latitude Longitude Cr Mn Fe Co Ni Cu Zn Chl- a pH
Moscow, AR 34.169 -91.739 0.22 2.84 15.92 0.49 1.09 2.74 0.49 25.2 8.46
Dumas, AR 33.988 -91.363 0.213 3.03 8.18 0.5 1.11 3.22 0.55 24 8.23
Watson, AR 33.954 -91.21 0.188 64.2 62.46 0.55 1.38 7.44 2.97 19 7.34
Adamsville, TN 35.149 -88.316 0.205 27.03 2.94 0.54 0.64 1.97 3.18 11.4 7.44
Clifton, TN 35.386 -88.006 0.195 8.26 4.04 0.46 0.44 1.1 0.65 3.5 7.07
New Concord, KY 36.625 -88.055 0.203 1.5 3.78 0.43 0.35 0.92 0.96 16.4 7.46
Hardin, KY 36.802 -88.132 0.193 1.59 3.65 0.43 0.33 0.83 2.1 27.2 7.6
Uniontown, KY 37.799 -87.916 0.269 1.77 12.5 0.46 1.14 1.77 0.83 10.6 7.92
Sturgis, KY 37.534 -88.07 0.226 1.9 9.74 0.47 1.29 1.25 0.39 26.6 8.02
Burna, KY 37.215 -88.447 0.309 47.14 10.31 0.5 1.28 1.37 1.12 2.3 7.6
Louisiana, MO 39.45 -91.045 0.246 19.02 16.39 0.53 1.63 2.59 3.31 16 7.58
Hamburg, IL 39.229 -90.724 0.247 3.51 20.78 0.49 1.52 1.89 0.93 15.2 7.61
Golden Eagle, IL 38.865 -90.568 0.236 1.66 17.38 0.47 1.51 1.82 0.62 19.1 7.87
Hardin, IL 39.169 -90.614 0.212 2.85 13.85 0.71 2.76 1.8 0.47 52.3 8.07
Grafton, IL 38.966 -90.495 0.222 5.77 23.89 0.77 2.86 1.96 0.8 45.3 8.03
New Haven, MO 38.6 -91.2 0.218 3.59 20.6 0.48 1.51 1.58 0.3 52 8.19
Washington, MO 38.583 -91.029 0.22 4.68 21.85 0.48 1.52 1.59 0.23 42.1 8.17
Defiance, MO 38.657 -90.735 0.227 3.78 23.66 0.48 1.57 1.69 0.49 36.8 8.28
Arkansas
Tennessee
Ohio
Mississippi
Illinois
Missouri
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Table 20: Trace metal concentrations and water quality data in the Mississippi river and major tributaries of the Mississippi 
river during the summer of 2013.  All values are in ppb except Na, and Mg which is in ppm. 
Nearest City River  Longitude  Latitude Li Be Na Rb Sr Ag Cd Cs Ba Tl Pb U Mg Al
Grafton, IL Illinois 38.965 -90.496 3.72 1.039 89 1.74 306 0.341 0.602 0.567 67.3 0.499 0.89 1.9 92 0.8
Hartford, IL Missouri 38.826 -90.134 6.65 1.028 40 1.69 174 0.345 0.514 0.564 67.3 0.498 0.52 2.23 43 3.3
Grafton, IL 38.946 -90.475 5.5 1.036 25 1.77 114 0.342 0.508 0.564 75.2 0.494 0.42 2.37 59 3.2
Hartford, IL 38.828 -90.111 5.28 1.031 28 1.75 118 0.342 0.51 0.564 76 0.494 0.45 2.63 58 4.9
Ste. Genevieve, MO 38.003 -90.047 9.8 1.031 51 1.88 177 0.344 0.518 0.564 89.8 0.497 0.48 3.19 59 6.8
Cape Girardeau, MO 37.335 -89.483 7.21 1.028 38 1.51 139 0.36 0.514 0.563 74.4 0.495 0.43 2.59 43 1.3
Cairo, IL 37.027 -89.217 10.1 1.029 53 1.87 240 0.335 0.52 0.563 91.4 0.498 0.74 3.31 61 1.3
Cairo, IL Ohio 37.026 -89.176 2.64 1.027 28 1.68 144 0.341 0.507 0.565 36 0.502 0.4 0.79 25 7.3
New Madrid, MO 36.579 -89.522 5.4 1.027 36 1.72 147 0.339 0.514 0.564 60.3 0.498 0.43 1.78 39 4
Blytheville, AR 35.886 -89.768 5.19 1.027 36 1.72 148 0.348 0.508 0.564 59.4 0.5 0.38 1.77 37 3.4
Memphis, TN 35.224 -90.075 5.53 1.027 37 1.81 153 0.333 0.509 0.564 63.4 0.501 0.62 1.86 40 3.3
North Tunica, MS 34.743 -90.45 5.5 1.026 39 1.89 160 0.34 0.542 0.564 66.5 0.501 0.41 1.89 41 3.1
Rosedale, MS 33.817 -91.048 5.08 1.026 37 1.78 153 0.336 0.508 0.564 66.7 0.5 0.37 1.8 39 3.2
Mayersville,MS 32.9 -91.066 4.82 1.026 36 1.77 143 0.364 0.513 0.564 64.2 0.5 0.58 1.73 36 2.9
Vicksburg, MS 32.347 -90.963 4.54 1.026 35 1.68 138 0.362 0.511 0.566 59.4 0.499 0.38 1.67 35 3.5
Natchez, MS 31.561 -91.41 4.82 1.025 38 1.87 150 0.346 0.535 0.563 66.3 0.5 0.38 1.78 37 3.2
Rosedale, MS Arkansas 33.81 -91.109 2.67 1.027 90 1.79 241 0.349 0.51 0.564 70.2 0.491 0.43 1.11 19 10.4
Vicksburg, MS Yazoo 32.389 -90.916 2.2 1.028 21 1.7 96 0.348 0.509 0.566 70.4 0.493 0.45 1.55 21 49.2
Upper Mississippi
Lower Mississippi
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Table 21. Trace metal concentrations and water quality data in the Mississippi river and major tributaries of the Mississippi 
river during the summer of 2013 trip values (continued).  All trace metal values are expressed in ppb except Ca which is in 
ppm. 
 
 
 
 
Nearest City River  Longitude  Latitude Ca V Cr Mn Fe Co Ni Cu Zn Ga Chl-a μg/L pH
Grafton, IL Illinois 38.965 -90.496 82 3.9 0.22 1.24 9.19 0.38 1.96 45.8 10.1 0.08 27.1 8.1
Hartford, IL Missouri 38.826 -90.134 24 2.3 0.23 0.81 10.36 0.27 1.33 8.3 4.7 0.07 46.4 8
Grafton, IL Upper Mississippi 38.946 -90.475 30 2.7 0.24 1.73 11.04 0.3 1.6 3 4.6 0.11 20.9 8.2
Hartford, IL Upper Mississippi 38.828 -90.111 29 2.8 0.23 1.45 12.59 0.3 1.62 2.7 3.6 0.06 19.9 7.7
Ste. Genevieve, MO Upper Mississippi 38.003 -90.047 31 3.2 0.24 3.17 13.1 0.3 1.72 3.1 5.2 0.07 24.6 7.8
Cape Girardeau, MO Upper Mississippi 37.335 -89.483 23 2.5 0.21 0.71 8.25 0.27 1.38 1.7 4.1 0.07 24.3 7.8
Cairo, IL Upper Mississippi 37.027 -89.217 32 3.4 0.22 0.85 8.69 0.29 1.64 21.5 5.2 0.07 29.3 7.8
Cairo, IL Ohio 37.026 -89.176 18 1 0.24 0.86 14.13 0.26 0.97 1.9 4.8 0.08 12.5 7.4
New Madrid, MO Lower Mississippi 36.579 -89.522 23 2 0.23 0.98 10.68 0.27 1.17 2.2 5 0.07 18.7 7.7
Blytheville, AR Lower Mississippi 35.886 -89.768 22 1.9 0.23 0.62 10.58 0.26 1.15 1.5 3.1 0.07 16.5 7.6
Memphis, TN Lower Mississippi 35.224 -90.075 24 2 0.24 0.89 10.61 0.27 1.43 19.9 6.6 0.07 16.8 7.7
North Tunica, MS Lower Mississippi 34.743 -90.45 24 2 0.23 0.83 9.96 0.27 1.53 2.6 4.9 0.07 18.4 7.9
Rosedale, MS Lower Mississippi 33.817 -91.048 23 2 0.23 0.6 9.82 0.26 1.24 1.5 2.9 0.07 16.8 7.6
Mayersville, MS Lower Mississippi 32.9 -91.066 23 2 0.23 0.71 9.62 0.26 1.25 16.4 5.1 0.07 14.6 7.7
Vicksburg, MS Lower Mississippi 32.347 -90.963 21 1.9 0.23 0.49 11.11 0.26 1.19 1.9 4.2 0.07 13.4 7.7
Natchez, MS Lower Mississippi 31.561 -91.41 23 2 0.23 0.65 9.28 0.26 1.28 1.8 3.9 0.07 17.8 7.7
Rosedale, MS Arkansas 33.81 -91.109 17 1.9 0.21 0.91 17.44 0.29 1.14 1.3 2.7 0.07 34.9 8
Vicksburg, MS Yazoo 32.389 -90.916 12 1.7 0.23 35.92 86.2 0.28 1.25 2.4 4.8 0.08 34.3 7.3
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Table 22. Levels of Pharmaceutical and Personal Care Products in the Mississippi River and major tributaries of the 
Mississippi river during the summer of 2013.  All values are in ng/L. 
 
 
 
 
 
 
 
Nearest City River Latitude Longitude Clofibric Acid Naproxen TCPP PFOA Ibuprofen Gemfibrozil Triclocarban Triclosan PFOS 
Grafton, IL Illinois 38.965 -90.496 <4.2 <15 231 6 <2.2 <2.4 <7.1 <2.4 <11
Grafton, IL 38.946 -90.475 <3.9 <14 <100 4 <2.2 <2.1 <6.7 3 <10
St Louis, MO 38.63 -90.181 <3.45 31 <103 3 8 3 <6.3 3 <5
Hartford, IL 38.826 -90.134 <3.1 <11 <76 <1.6 <3.5 3 2 3 <2.6
St. Genevieve, MO 38.003 -90.047 <3.2 <13 <95 3 <2.1 <2.5 <6.1 <2.6 <6.5
Cairo, IL Ohio 37.026 -89.176 <2.9 <10 <61 13 <1.7 <2 <5.7 <2.7 <14
Memphis, TN 35.179 -90.057 <3.1 37 169 6 47 16 <5.9 11 11
Natchez, MS 31.561 -91.41 <3.2 <11 <65 6 <1.9 <2 <6.1 <2.5 <11
Rosedale, MS Arkansas 33.81 -91.109 <3.7 <13 <110 4 <2.1 3 <5 3 <10
Vicksburg, MS Yazoo 32.351 -90.885 <3.9 <14 <130 <2.3 3 <2.1 <7.3 <2.5 <14
Nearest City River Latitude Longitude Dexamethasone Carbamezapine PFHxA Fluoxetine Atrazine DEET Propylparaben Testosterone 
Grafton, IL Illinois 38.965 -90.496 <6 11 5 <12 673 58 <20 <15
Grafton, IL 38.946 -90.475 <5.2 <4.5 <5 <13 326 16 <21 <15
St Louis, MO 38.63 -90.181 <6.3 <5.05 <5.5 <8.4 462 48 <17 <16.5
Hartford, IL 38.826 -90.134 <5.1 4 <6 <11 464 17 <17 <12
St. Genevieve, MO 38.003 -90.047 <6.3 <4.1 <5 <12 408 15 <16 <13
Cairo, IL Ohio 37.026 -89.176 <3.2 <2.6 <4 <8.5 250 13 <14 <8.3
Memphis, TN 35.179 -90.057 <4.6 6 <5 <12 242 540 <16 <9.6
Natchez, MS 31.561 -91.41 <4.1 <2.8 <4 <20 273 7 <17 <9.1
Rosedale, MS Arkansas 33.81 -91.109 <5.3 4 <5 <11 263 13 <18 <12
Vicksburg, MS Yazoo 32.351 -90.885 5 <3.5 <6 <23 521 23 <19 <11
Upper Mississippi
Lower Mississippi
Upper Mississippi
Lower Mississippi
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Table 23:  Levels of Pharmaceutical and Personal Care Products in the Mississippi River and major tributaries of the 
Mississippi river during the summer of 2013 continued.  All values are in ng/L. 
 
 
Nearest City River Latitude Longitude Atenolol Caffeine Trimethoprim Primidone Meprobamate Diphenhydramine Ditiazem Simazine 
Grafton, IL Illinois 38.965 -90.496 30 15 <10 12 <9.4 <19 <8 15
Grafton, IL 38.946 -90.475 <20 10 <13 <7 <7.6 <23 <8.3 4
St Louis, MO 38.63 -90.181 <21 47 <11 15 <7.7 <12 <7.25 7
Hartford, IL 38.826 -90.134 <20 28 <8.9 <6.3 <6.8 <19 <7.7 6
St. Genevieve, MO 38.003 -90.047 <19 12 <11 <7 <7.6 <22 <8.1 6
Cairo, IL Ohio 37.026 -89.176 <19 13 <6.8 16 <4.4 <17 <6.1 18
Memphis, TN 35.179 -90.057 25 202 <9.05 12 <6.1 <14.5 <6.5 12
Natchez, MS 31.561 -91.41 <21 8 <9.9 64 <4.9 <39 <9.2 14
Rosedale, MS Arkansas 33.81 -91.109 <19 15 <9 <6.8 8 <11 <6.3 23
Vicksburg, MS Yazoo 32.351 -90.885 <16 12 <9.1 14 <6.2 <55 <8.4 24
Upper Mississippi
Lower Mississippi
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